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ABSTRACT

GENOMIC DIVERSITY IN
Staphylococcus aureus

by
Bret Max Barton

Staphylococcus aureus chromosomal DNAfrom 125 methicillin-resistant
and 10 methicillin-sensitive clinical isolates was digested with rare-cutting
restriction endonucleases and subjected to pulsed-field gel electrophoresis
(PFGE). Thirty-nine distinct genomic macrorestriction patterns (GPs) were
identified using Smal; 29 of these patterns are from methicillin-resistant
S. aureus (MRSA).
A dendrogram showing percent similarity among the patterns was
constructed which revealed the considerable genomic diversity of the collection
even though the isolates had been obtained during outbreaks. The majority of
the MRSA formed one broad group with two outbreak subclasses. However,
8 of the 29 MRSA GPs (28%) were diverse.
Digestion with Cspl, which clarified relationships among some Sma\
patterns, showed that 5 strains had much larger genomes (3.5 to 3.8 Mb) than
the average of our isolates (3.0 Mb). Duplications of large regions of their
chromosomes may have occurred.

Restriction fragment length polymorphisms (RFLPs) of the methicillin
resistance gene, mecA, and the transposon, Tn554, were used to further type
selected isolates. The association of the same mecA and Tn554 RFLPs with
diverse MRSA indicates that mecA may have been horizontally transferred to
diverse S. aureus strains on multiple occasions.
In the process of examining genomic differences among the isolates
aberrantly migrating bands were observed. Evidence that these bands were
supercoiled plasmids greater than 300 kb was obtained by linearizing the
plasmids with S1 nuclease and determining their sizes with PFGE. The
"S1-PFGE" method was developed in our laboratory as a general means of
identifying and sizing very large plasmids that often escape detection.
The Sma\ genomic polymorphisms of two related isolates were attributed
to the insertion of temperate bacteriophages both of which lacked Sma\ sites.
DNA of one of these isolates contained an additional Sma\ site possibly created
by point mutation.
One MRSA isolate was serially propagated in antibiotic-free medium for
29 days. The serial culture showed a decline in the percentage of MRSA cells.
PFGE analysis showed that the mecA gene had been deleted. Together, these
observations indicate that S. aureus, particularly MRSA, may be more diverse
than has been appreciated in the past.
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CHAPTER ONE
INTRODUCTION

A.

Staphylococcus aureus: A Nosocomial Pathogen
Staphylococcus aureus is a significant human pathogen that is

unsurpassed in the number of virulence factors it produces and in the wide
range of infections and toxinoses it causes from innocuous skin lesions to
life-threatening systemic infections (31, 125). Genetic plasticity and diversity,
especially regarding antibiotic resistance, are hallmarks of S. aureus. As a
consequence, in the 50 years that antibiotics have been used clinically, some
strains have acquired resistance to all antimicrobial agents except vancomycin
(87, 100).
Methicillin, a (3-lactamase-resistant derivative of penicillin, subdivides the
species into sensitive and resistant subgroups. Often, methicillin-resistant
S. aureus (MRSA) strains are involved in hospital epidemics (71). The incidence
of MRSA infections is increasing world wide and in some locations exceeds the
incidence of methicillin-sensitive S. aureus (MSSA) infections. Among the many
species of antibiotic-resistant bacteria, MRSA is one of the most important
causes of antibiotic treatment failure, increased morbidity and mortality.
S. aureus has a remarkable ability to colonize skin and mucous
membranes. Hospitalized patients and health-care workers have higher
colonization rates than the general population (130, 153, 161). These

1

2
gram-positive cocci can withstand harsh environments for extended periods
allowing susceptible individuals to become infected through contact with
contaminated objects, but direct contact with persistently or transiently colonized
people is the more important route of transmission (49, 113). Such
characteristics have made S. aureus the most common hospital-acquired
(nosocomial) pathogen with a formidable array of virulence and resistance
strategies (31). The focus of this dissertation is the genetic diversity of
S. aureus from clinical infections with an emphasis on chromosomal
polymorphisms and the likely mechanisms that have generated these genomic
variations.
The rising challenge of staphylococcal diseases parallels the broader
history of infectious diseases; thus, investigation of S. aureus diversity promises
to be broadly applicable. Before discussing S. aureus specifically, a review of
trends in infectious diseases will serve as an introduction to how pathogens
adapt and diversify, and suggest how an understanding of these processes may
direct us to novel strategies for prevention and treatment.
The reduction in mortality due to infectious diseases is the most
significant public health achievement of the past century in developed nations
although infectious diseases remain the leading cause of death worldwide (20).
Better sanitation and the use of vaccines and antimicrobial drugs has greatly
improved the quality of life in the United States (25). For example, penicillin was
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portrayed as a "miracle drug" when it was first used to cure life-threatening
S. aureus infections (87). Although resistant bacteria were encountered early in
the "antibiotic era," new drugs kept them under control. Over a period of
decades, the success of antibiotics led to complacency regarding infectious
diseases that delayed the implementation of preventive measures and slowed
the development of alternative drugs (122). The ability of microorganisms to
acquire resistance genes was underestimated, and a reversal of the great
achievements of the antibiotic era was not seriously considered.
However, during the past five to ten years many clinicians and
researchers have become increasingly concerned that a reversal is not only
possible but that some gains in disease treatment and prevention are now being
lost because of the rise of antimicrobial drug resistance and the breakdown of
public health measures (20). Some infectious disease experts have suggested
that we may be entering a "post-antimicrobial era" — a return to the time before
the development of antibiotics when hospital wards were filled with patients that
had untreatable bacterial infections such as pneumonia, meningitis, bacteremia,
endocarditis, and tuberculosis. Indeed, the inappropriate use of antibiotics
appears to be destroying the "miracle" of the antibiotic era by contributing to the
rapid emergence of resistant bacteria (87). But much can be done to prevent
this scenario from happening. First, the medical community should make the
prudent use of antibiotics a priority (49). Next, basic research on resistance
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should be accelerated, and pharmaceutical companies should be encouraged to
develop new antimicrobial agents and vaccines targeted in novel ways that will
be difficult for bacteria to circumvent. Finally, public health measures should be
revived to reduce the transmission of resistant pathogens (25).
One indication that the long downward trend of infectious diseases has
been interrupted was recently reported. In the United States, the mortality rate
with infectious diseases listed as the underlying cause of death, increased 58%
between 1980 and 1992. Infectious diseases ranked as the fifth leading cause
of death in 1980, but by 1992 they ranked third, after heart disease and cancer.
When all deaths in which HIV infection was a factor were subtracted from the
analysis, there was an increase of 22% in the death rate. Although HIV is a
considerable factor in the increased mortality, other independent factors are also
responsible for the increase (139). Rising antibiotic resistance in bacterial
pathogens would be expected to be one of these factors. "The major
contributors to death from infectious agents are pneumococcal pneumonia
nosocomial infections (in both acute and chronic care facilities), legionellosis,
Staphylococcus aureus infection, hepatitis, and group A streptococcal infections
(106)." Except for viral hepatitis, antibiotic resistance is involved to some extent
in all of these diseases.
Infectious diseases are a substantial burden on the economy. One
quarter of all visits to physicians are related to infectious diseases (including
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viral diseases), and the direct and indirect cost to our economy is well over
$120 billion per year. Influenza infections, alone, costs $12 billion in lost
productivity and $5 billion in medical bills. Direct medical treatment of
nosocomial infections in 1992 cost $4.5 billion, and at least $4 billion are spent
to treat resistant microorganisms annually, a cost that is steadily increasing (20).
The history of antibiotic-resistant S. aureus began in the 1940s.
S. aureus developed resistance to penicillin by acquiring a gene for
(3-lactamase, an enzyme that inactivates the drug. The p-lactamase gene
resides on a plasmid. Soon, penicillin could not be depended on to effectively
treat many S. aureus infections in the hospital setting. Methicillin is resistant to
degradation by p-lactamase and is an example of early efforts to overcome
resistance by modifying the chemical structure of existing antibiotics. Shortly
after methicillin was introduced in the early 1960s, resistant S. aureus isolates
were recovered (100, 125). MRSA nosocomial infections became wide spread
in United States hospitals in the 1980s. Researchers and clinicians began to
appreciate the remarkable ability of this and other pathogens to adapt to the
selection pressures of antimicrobial drugs. Whenever a new or modified
antibiotic was developed to overcome resistant bacteria, the bacteria obtained
the ability through random mutations or horizontal gene transfer to resist the new
drugs. Some strains of MRSA are now resistant to the p-lactams and all other
antibiotics except vancomycin. It has been demonstrated that under laboratory
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conditions enterococci can horizontally transfer vancomycin resistance to MRSA
on a plasmid (124). If this were to occur naturally, it could create strains of
MRSA that are resistant to all available antibiotics. Entirely new antibiotics that
have novel modes of action are needed to avert the potential public health threat
of vancomycin-resistant MRSA.
Even in this age of antimicrobial therapy, S. aureus still has a great
impact on human health. It causes wound infections, bacteremia, endocarditis
pneumonia, osteomyelitis, and cutaneous infections such as folliculitis, furuncles
(boils) and carbuncles (deep abscesses with multiple sinus tracts often resulting
in bacteremia with high mortality when untreated). Staphylococcal toxinoses
include toxic shock syndrome, food poisoning, and staphylococcal scalded skin
syndrome (115, 125). Surgical patients, burn patients, neonates and others with
compromised immune systems are at an increased risk for infection.
At least 15% of the general population are asymptomatic carriers of
methicillin-sensitive S. aureus (MSSA) or, to a lesser extent, MRSA (153, 161).
The half-life of MRSA colonization was determined to be about 40 months in one
study which found that culturing of the anterior nares is the best method for
identifying MRSA carriers (153). Teichoic acid in the cell wall of S. aureus
mediates adherence to nasal epithelial cells (2).

Increased rates of nasal

carriage occur in people who have persistent or recurrent small breaks in their
skin: patients with dermatoses (e.g., atopic dermatitis), diabetics requiring insulin
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injections, parenteral-drug abusers and patients undergoing hemodialysis or
receiving allergy injections (161). In neonates it colonizes and infects the
umbilicus. Doctors, nurses and other hospital personnel can become colonized
and act as carriers, passing the organism to patients. Health-care workers can
transmit the organism without being colonized; they can pass S. aureus from
patient to patient by neglecting to wash their hands between visits. Adequate
hand washing is the most effective means for preventing the spread of MRSA in
hospital and long term care facilities. Persistent carriers can be treated to
eradicate the colonization (161, 185). Isolation and barrier precautions should
also be taken with patients known to be infected, especially when wound
drainage and soiling is likely.

Such simple procedures can reduce the

incidence of MRSA infection if consistently applied (49).
Because of its colonization and transmission characteristics, S. aureus
causes outbreaks of infection among susceptible patients. When this happens
epidemiological analysis is used to identify the source of the outbreak (e.g., an
infected patient admitted to the hospital ward shortly before the epidemic
began). Usually, one strain predominates during an epidemic, and it can be
identified by its phenotypic and/or genotypic markers in a process called strain
typing. The outbreak strain is represented by isolates with identical or nearly
identical markers. Outbreak strains are assumed to be recent descendants from
a single precursor organism. Strain typing information can be coupled with
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epidemiological data that includes the time the infection began and any factors
the patients had in common (personnel, equipment, procedures, rooms, etc.).
Thus, strain typing can classify epidemiologically related isolates obtained
during an outbreak as either genetically related (the outbreak strain) or
genetically unrelated (background strains not responsible for the outbreak).
Once the scope and source of the outbreak is defined, specific control measures
are implemented to contain the epidemic and eradicate the outbreak clone, if
possible (178). A serious and unusual MRSA outbreak in a Dutch hospital was
carefully studied and documented, providing an excellent example of how strain
typing data and epidemiological information can be used to understand and
control an MRSA epidemic (71).
In addition to the assumptions that outbreak isolates share common
markers and that the epidemic propagates by dispersal from one ancestral cell, it
is also assumed that epidemiologically unrelated isolates from distant locations
will have different markers, since they are supposed to be genetically unrelated.
The ability to exclude epidemiologically unrelated isolates from those obtained
during an outbreak is a test of a typing method's discriminatory power. However,
the last assumption is not always correct because organisms that are genetically
related to the epidemic strain can be transported to or from distant locations
(178). A typing technique is considered adequate when the most common
strain-type that it detects occurs in less than 5% of the members of that species.
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This means that epidemiologically unrelated isolates will have the same
phenotype or genotype only rarely when the typing method being used is highly
discriminatory (101). An equation for a numerical index of discriminatory power
and its relationship to reproducibility has been published, but is applicable only
to certain typing methods (65).
Distinguishing between background strains and the outbreak strain is
crucial for ultimately understanding and controlling an epidemic. Strain
distinction depends on the diversity of the species being examined and the
discriminatory power of the typing method (178). A sufficient level of diversity
within a species must exist for typing to be successful (4, 60, 201). For a
hypothetical species that is nearly homogeneous genetically, strain typing would
be very difficult, requiring a very sensitive typing method. It would be almost
impossible to make firm epidemiological conclusions concerning an outbreak
caused by such a species. Conversely, a species with extremely unstable
phenotypic or genotypic markers also presents problems for typing and
epidemiological interpretation. Typing results would not be reproducible for
unstable markers, and accurate tracking of epidemic strains would not be
possible. A typing method based on more stable markers would have to be
devised. Examples of these two extremes include Mycobacterium leprae which
shows virtually no genotypic diversity and Neisseria gonorrhoeae which shows
essentially no clonality because it is naturally transformable and has a high rate
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of recombination relative to binary fission (129, 199). Understanding the extent
and sources of genetic diversity within a species is needed to interpret typing
data and to formulate typing standards (178). Since typing is based upon
analysis of a small fraction of an organism's genetic material or a limited number
of its traits, any conclusions that are made about its genetic diversity should be
made cautiously. Perhaps in the future, whole-genome sequence comparisons
among bacterial strains will resolve the circular relationship between typing
techniques and diversity measurement (46).
Many different typing procedures have been used to characterize
S. aureus isolates. Usually, genotyping methods are preferred because they are
more discriminatory and reproducible than phenotyping procedures. For
example, the Centers for Disease Control and Prevention (CDC) has
investigated S. aureus outbreaks for over thirty years with phage typing, a
phenotyping method, but has now replaced it with pulsed-field gel
electrophoresis (PFGE) of macrorestriction fragments, a genotyping method, as
its method of choice. The CDC made this change because phage typing
patterns have poor reproducibility and typeability (not all isolates are lysed by
the standard phage set), whereas PFGE typing is highly discriminatory
reproducible and capable of typing all S. aureus isolates (6).
The consensus is that PFGE typing is the best method for typing
S. aureus (6, 177). Some view PFGE typing as potentially a new "gold standard'
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applicable to many nosocomial organisms (48). Although PFGE typing has
become widely accepted, it is weakened by the absence of generally recognized
standards for interpretation (6, 48, 178). Other typing methods remain useful
and can be combined with PFGE typing to increase overall discriminatory power.
A review of the procedures used to type S. aureus, and MRSA in
particular, is pertinent to understanding the genomic polymorphisms observed
among these isolates. We will examine the most successful methods.
(Restriction fragment length polymorphism [RFLP] will be broadly defined here
as any process that utilizes restriction endonucleases to reveal variations in
DNA sequence whether or not Southern hybridization with specific probes is
done [171].) Reviews and comparisons of typing methods have been published
(48, 101, 177, 178, 188).
B.

Bacterial Strain Typing

1.

Pulsed-Field Gel Electrophoresis and Macrorestriction Typing:
A Tool for Measuring MRSA Genomic Polymorphism
Pulsed-field gel electrophoresis was developed in the mid-1980's by

Schwartz and Cantor (158) and has become an important technology for the
examination of large DNA molecules. Continuous-field gel electrophoresis is
incapable of satisfactorily resolving fragments above 50 kb which tend to migrate
together in a size-independent fashion (23). PFGE resolves fragments much
larger than 50 kb by periodic reorientation of an electric field (pulsed-field) which
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causes large DNA molecules to move through a gel matrix in a size-dependent
manner. Pulse-time duration is directly proportional to the size of fragments
resolved (short pulse times resolve small fragments and long pulse times resolve
large fragments). The reorientation angle affects the efficiency of fragment
separation. An angle of 120° appears to be an optimum for band resolution.
Inhomogenous field gradients, resulting in the bent lanes seen in earlier
pulsed-field gels, were once incorrectly thought to be necessary for efficient
separation, but now most PFGE applications use homogenous fields which
produce straight lanes (23). Contour-clamped homogeneous electric field
(CHEF) gel electrophoresis with a 120° reorientation angle is capable of
separating a broader size-range of fragments than field inversion gel
electrophoresis (FIGE) which has a reorientation angle of 180° (48, 177). FIGE
resolves DNA in the 100 kb range much more rapidly than CHEF, but some
FIGE conditions produce unexpected comigration of fragments that differ greatly
in size. CHEF is now widely used to resolve DNA fragments from 10 kb to
10 megabases (Mb) (45). (All PFGE experiments reported in this dissertation
utilized CHEF.) Birren and Lai have reviewed PFGE technology in detail

(12, 81).
PFGE applications include genome mapping and bacterial strain typing
using restriction endonucleases that cleave DNA infrequently (4, 163). Many
bacterial genomes have been physically mapped using PFGE technology to
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determine the physical order of large fragments (macrorestriction fragments)
produced by specific restriction endonucleases (91, 109, 128, 140). Mapping
strategies employ one or more of the following techniques (45): Southern
hybridization analysis using individual gel-purified fragments as probes, linking
clones containing rare restriction sites, or cloned genes of known location;
partial or double digestion followed by one- or two-dimensional PFGE; digestion
with l-Cetvl, an enzyme that cleaves principally within rRNA genes; and the use
of transposon markers (35, 80, 92, 156). Peter Pattee constructed a physical
map of S. aureus NCTC 8325 using PFGE techniques and correlated the
physical map with a genetic map that he and his colleagues had previously
made using transformation and protoplast fusion techniques (see Appendix 2)
(132, 133, 134).
The concepts of genomic mapping and PFGE strain typing are combined
when the gene orders and macrorestriction fragment orders (and fragment sizes)
of selected strains are compared to a strain with established genetic and
physical maps. Differences in fragment sizes and gene orders are used to
identify genomic rearrangements (15, 95, 136, 137, 156). For example, a
comparative study of five Mycoplasma hominis strains showed that nearly one
half of the genome of one strain was inverted with respect to the conserved gene
order of the other four strains (80). An important mapping study has revealed
the highly plastic organization of the Salmonella typhi genome by comparing the
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"rrn chromosomal skeletons" of over 100 S. typhi strains (96). Partial l-Cetyl
digestion of a bacterial chromosome shows the number of rrn genes, the lengths
of the DNA between the genes, and the order of the fragments which constitute
the "rrn skeleton". All of this information can be obtained from a single lane on
an ethidium stained PFGE gel (93, 96). Recently, the complete sequencing of
several bacterial genomes has opened a new field of investigation called
'comparative genomics" in which entire genome sequences (or portions thereof)
are compared (44, 46). Comparative genome mapping, which relies on PFGE
technology, may be used in the future to select strains for whole or partial
genome sequencing for the purpose of detailed genomic comparisons. These
comparisons could be used to improve the interpretation of both phenotypic and
genotypic typing methods.
There have been several studies of the relationship between restriction
pattern similarity and sequence similarity. One investigator concluded that
"deductions of sequence similarity from [restriction] pattern similarity are unlikely
to be valid" because DNA rearrangements not directly involving endonuclease
recognition sites probably make a more significant contribution to genomic
polymorphisms than do recognition-site point mutations (59). But others have
observed that "the genetic relatedness of MRSA strains, as approximated by
visual analysis of macrorestriction patterns, appeals] to correlate with their
respective distance in place and time of isolation" and concluded that larger
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studies may show that macrorestriction pattern similarities are "proportional to
the distribution of restriction sites along the chromosome and thus to sequence
homology" (173). One group of researchers used a formula (186) to estimate
the nucleotide sequence similarity among MRSA isolates based on
macrorestriction patterns, but concluded that the data provided a measurement
of the number of events generating genetic diversity rather than a quantitative
estimate of genetic distance (41).
PFGE typing is representative of several methods that distinguish
between different DNA molecules by gel electrophoresis of the fragments
generated by a restriction enzyme (restriction endonuclease analysis or REA).
The analysis can compare the products of a frequent-cutting restriction enzyme
acting on plasmid DNA (REAP) or acting on genomic DNA (conventional REA).
PFGE typing distinguishes between genomes by the fragments produced by
restriction enzymes that cleave infrequently. Subsequent Southern hybridization
using various DNA probes can be conducted with any of these methods as an
optional adjunct for generating more specific and simplified RFLP banding
patterns (e.g., ribotyping). Interpreting band pattern differences is similar for all
of these techniques; however, REA methods differ in their discriminatory power

(173, 177).
PFGE typing is a very discriminatory method for typing S. aureus and is
commonly used to type several other bacterial species. CHEF gel
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electrophoresis of Sma\ macrorestriction fragments is preferred for MRSA
because the enzyme produces about 20 fragments in the 30 kb to 700 kb range
that are well-distributed with respect to size. Digestion patterns with more than
20 fragments are sometimes difficult to compare and patterns with fewer than
10 fragments may not provide sufficient sensitivity to smaller DNA changes
(66, 178). One study found that genomic polymorphisms in MRSA strains were
detected more easily after digestion with Sma\ than with Apal, Eag\ or Nar\. This
comparison of restriction endonucleases showed that 121 isolates with the same
Sma\ patterns also had identical Apa\, Eag\ and Nar\ patterns (141). The report
provides strong support for the conclusion that isolates with the same Sma\
patterns actually have the same genomic structure. Consequently,
representatives of the outbreak strain, having identical or very similar patterns
can be identified with a high degree of confidence. However, since
macrorestriction digests cannot detect nucleotide changes outside of the
restriction enzyme recognition site, nor DNA rearrangements that alter fragment
sizes by less than about 5 to 10 kb, isolates with the same Sma\ restriction
patterns may still differ in these ways.
Staphylococcal genomes are AT rich (about 67%); therefore, restriction
enzymes that cleave GC-rich sequences tend to cut less frequently. Smal
recognizes and cleaves in the middle of the hexameric sequence, CCCTGGG
producing fragments with blunt ends. Xma\ (not commonly used for
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macrorestriction digestion) recognizes the same sequence but cleaves between
the first two cytosines leaving 5' overhangs (CTCCGGG) more suitable for
cloning. Cspl is probably the next most commonly used enzyme for S. aureus
typing and mapping. It usually produces 10 genomic fragments and cleaves the
non-palindromic octameric sequence CGTG(A/T)CCGG. /AscI, GGTCGCGCC;
SgrA\, C(A/G)TCCGG(T/C)G and Sse 8387I, CCTGCATGG are occasionally
used. Other enzymes predicted to cleave S. aureus infrequently include:
Apa\, GGGCCTC; Eagl, CTGGCCG; Esel, GGCCGGTCC; A/ael, GCCTGGC;
A/arl, GGTCGCC; A/ofl, GCTGGCCGC; Rsrll, CGTG(A/T)CCG; Sacll, CCGCTGG;
Sfi\, GGCCN/NGGCC; Sgf\, GCGATTCGC; and Srf\, GCCCTGGGC. Often, A/arl
and Sacll do not digest S. aureus DNA completely and can produce
unsatisfactory restriction patterns (141). Ssfll is an isoschizomer of Sacll and
may cleave more reliably than Sacll (172). A/ofl and Sfi\ sites are very rare or do
not occur at all in S. aureus strains (104). McClelland et al. (104) provided a
detailed analysis of restriction endonucleases for PFGE mapping with attention
to S. aureus and discussed the theoretical basis for their selections. The
GC content of rRNA operons is much higher than the average GC content of the
genome. Sma\ sites occur in S. aureus rRNA operons (191). Therefore, using
Sma\ linking clones for the construction of S. aureus physical maps is not
advisable because the clones with rRNA sequences will hybridize to multiple
bands making it impossible to determine the correct fragment order (140).
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Many laboratories have used PFGE to type MRSA and other bacterial
pathogens (4, 48, 101, 178, 188). The method has been used to investigate
many MRSA outbreaks throughout the world (66, 152, 173, 184, 194, 200; see
also 26, 30, 37, 41, 171, 172, 196). A combination of PFGE typing and one or
more other methods increases the ability to distinguish closely related strains
(69, 177). As noted before, the multiple advantages of PFGE typing have led to
its adoption by the CDC as its method of choice. However, standardization of
the method and data interpretation is needed to permit useful comparisons of
results from different laboratories (177). There are no universally accepted
criteria for determining when isolates with similar macrorestriction patterns
represent separate strains or variants of the same strain. Small laboratories
may have difficulty adopting PFGE typing because it is technically demanding
and the electrophoresis equipment is expensive. But the cost per PFGE assay
compares favorably with other methods: less than $3 per isolate using PFGE
compared with $10 per isolate using phage typing (6).
2.

Restriction Endonuclease Analysis Typing Using Continuous-Field
Gel Electrophoresis
Restriction endonuclease analysis typing, a predecessor of PFGE typing

reveals differences between bacterial isolates by the digestion of their genomic
DMA with enzymes that cut frequently. The resulting fragments are separated
on agarose gels in a continuous electric field. Isolates are assigned to different
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types based on fragment patterns observed after ethidium staining (135, 189).
Polymorphisms widely distributed in the genome can be detected by REA, as
opposed to techniques like ribotyping which identify variants in only a limited
portion of the genome. REA is easily, rapidly and cheaply performed using
inexpensive equipment and reagents. In practice, the REA patterns are complex
with hundreds of bands that are difficult to interpret. Individual band differences
may be obscured within the sometimes smear-like patterns (101). Large
fragments are not resolved by REA, further limiting its discriminatory power
(135). For this reason, strains readily distinguished by other methods may
appear to be identical with REA. Differences in plasmid content can also
confound interpretations of REA genomic patterns (101).
One variation of REA involves the use of polyacrylamide gel
electrophoresis (PAGE) to separate small genomic DNA fragments in the
1 to 4 kb range. Silver staining is used to visualize the bands. Though the
patterns may be complex, the individual bands may be better defined than those
in conventional REA gels allowing for a more accurate interpretation (58, 183).
Because most genomic fragments are too large to be resolved on PAGE, the
more global genomic overview of conventional REA is replaced by a limited
representation of the genome composed of a selection of the smallest
fragments. The advantage of PAGE, a simpler fragment pattern, is off-set by the
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labor of preparing polyacrylamide gels and the expense and toxicity of the
reagents.
3.

Plasmid Profile Analysis and Restriction Endonuclease Analysis of
Plasmids
Plasmid profile analysis is the simplest genotyping method. Plasmids are

extracted from S. aureus isolates and subjected to conventional agarose gel
electrophoresis. Strain designations are made by comparing the number and
size of the plasmids that individual isolates contain (101). The method suffers
from the misclassifications that occur when there are different plasmids of nearly
the same size. Most plasmids appear in several topoisomeric forms, each
producing a different band after gel electrophoresis. These multiple forms make
it more difficult to estimate the number and sizes of different plasmids in a strain.
To avoid the problem of topoisomers, Zucccarelli and coworkers (201) linearized
MRSA supercoiled plasmids by S1 nuclease digestion before electrophoresis.
Chapter 3 of this dissertation presents a general method for detecting and sizing
large plasmids using the S1-PFGE technique developed by Barton et al. (8)
based on this earlier work (201). The S1 -PFGE technique is a specialized form
of plasmid profile analysis that characterizes megaplasmids (plasmids larger
than 100 kb) from virtually any bacterial species.
Usually, plasmid profile analysis is done to initially screen S. aureus
isolates followed by restriction endonuclease analysis of plasmids (REAP).
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REAP typing is a refinement of plasmid profile analysis in which plasmids are
digested (e.g., with EcoRI or Hind\\\) and their fragment patterns are compared.
REAP improves the discriminatory power of plasmid analysis by distinguishing
between different plasmids of approximately the same size. It also solves the
problem of plasmid topoisomers, but REAP alone cannot determine the number
of plasmids an isolate contains, hence the need for initial screening by plasmid
profile analysis.
REAP has been shown by some investigators to be a highly
discriminatory genotyping procedure for MRSA (60). Two REAP studies show
that S. aureus plasmids are very diverse (a requirement for REAP to be
effective) and that few plasmids are shared by multiple epidemiologically
unrelated isolates (a measurement of REAP’s discriminatory power) with the
exception of the most common plasmid characterized in each of the two studies
(36, 201). One of the REAP studies involved over 900 S. aureus isolates taken
from 20 hospitals in Brazil, Europe, and the United States. A 22 kb plasmid was
found in 13% of these isolates indicating low discriminatory power. (The
prevalence of the most common type should be less than 5% for adequate
discriminatory power [101].) This was recognized as a limitation of the
technique and the inclusion of epidemiologically unrelated strains as controls
was recommended for REAP typing (36). However, the majority of isolates in
this study were obtained during outbreaks and would be expected have a
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predominant REAP type. The 13% figure may be an indicator of outbreak
conditions rather than an indicator of low discriminatory power. Evaluation of
any typing method's discriminatory power is hampered by using
nonrepresentative collections of MRSA or MSSA strains. Obtaining sufficiently
representative collections is very difficult (101).
Marker stability during an outbreak is important for tracking strains.
Because S. aureus can lose or gain plasmids, REAP stability has been a
concern. In one investigation, isolates were taken from individual patients over
time and were typed by REAP and PFGE. An average of one REAP difference
was detected every 138 days. Both REAP and PFGE types were found to be
equally stable, and REAP was found to be somewhat more discriminatory than
PFGE with this particular MRSA collection. The same study showed that
isolates with identical REAP types always had identical or closely related PFGE
types (60). The PFGE typing results reported in Chapter 2 of this dissertation
were compared with an earlier REAP analysis (201) of many of the same
isolates. Though PFGE and REAP typing were in general agreement, there
were a significant number of isolates that had identical plasmids but very
different genomic backgrounds. We also found isolates with identical or similar
PFGE genomic patterns that had different plasmids. Usually, 5 to 10% of
isolates are nontypeable by REAP because they lack plasmids, but all isolates
are typeable by REA and PFGE (60, 201). REAP patterns are simpler than REA
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patterns, making strain determination easier, and REAP is cheaper, faster and
less technically demanding than PFGE. REAP is considered an effective
method for investigating acute outbreaks (101).
4.

Ribotyping
Ribosomal RNA genes are highly conserved among bacteria. Each rRNA

operon includes 16S, 23S and 5S rRNA genes grouped together with intervening
spacer regions that sometimes contain tRNA genes. Although rRNA genes are
nearly invariable, regions within rRNA operons are polymorphic, particularly the
spacer regions (52, 102).
Ribotyping is an RFLP typing system based on the variability of
chromosomal DNA surrounding rRNA operons as well as diversity within rRNA
operon spacer regions. The initial steps in performing ribotyping are identical to
the REA procedure already described. Genomic DNA is digested with EcoRI
and the fragments are separated by agarose gel electrophoresis. The gel is
blotted, and Southern hybridization is performed with an rRNA gene-specific
probe. Different RFLP patterns distinguish the various strains being examined.
Because of the conserved nature of rRNA genes, staphylococci can be
typed with a heterologous DNA probe such as a probe of the cloned rrnB operon
of Escherichia coli or the cloned 16S rRNA gene of Bacillus subtilis (29, 50, 57
108). Some investigators use 32P-end-labeled rRNA, itself, as a probe (17, 174).
Fortyping staphylococci, EcoRI RFLPs gave the most discriminatory results
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when compared with many other enzymes tested (17, 50, 111). In a seminal
work on ribotyping, Stull and colleagues (174) found EcoRI to be the only one of
five different restriction enzymes suitable for typing three gram-negative genera.
Ribotyping provides moderate to good discriminatory power for typing
bacteria with multiple rRNA operons (101). S. aureus has six rRNA operons
(191). Salmonella species (spp.), E. coll, Haemophilus Influenzae,
Klebsiella spp., B. subtilis, and Clostridium spp., also have multiple rRNA
operons, but Mycobacterium spp. have only one operon (52, 101). Bacteria with
multiple rRNA operons display 10 to 15 variable ribotype bands because
operons within a strain and sequences flanking the operons often differ from
each other. On the other hand, bacteria with one operon produce only one or
two bands limiting the utility of ribotyping.
Ribotyping offers an advantage over restriction endonuclease analysis by
producing a simple band pattern. Ribotypes are stable and reproducible, and
the technique is applicable to many bacterial species. Though the time and
technical expertise required for ribotyping is a disadvantage, the use of
non-radioactive probes can make the procedure easier to perform (174). The
method examines a very limited portion of the genome. Therefore, MRSA
isolates with the same rRNA operon structure could have genomic backgrounds
that differ in many significant ways, but the isolates may be assigned to the
same ribotype 'eading to an underestimation of S. aureus diversity (141). Even

25
with this limitation, ribotyping has been shown to be highly discriminatory. One
ribotyping study detected high diversity among strains in a hospital with a low
incidence of MRSA; the authors concluded that the diverse strains, collected
over a 4-year period, represented community-acquired rather than nosocomial
strains. The diverse strains did not spread within the hospital (99). This
indicates that nonepidemic MRSA are probably not a restricted subset of
S. aureus strains.
5.

Polymerase Chain Reaction Ribotyping
Polymerase Chain Reaction (PCR) typing techniques are being

developed that promise rapid and convenient bacterial strain differentiation.
PCR-ribotyping employs primers complementary to conserved rRNA genes to
amplify polymorphic regions within rRNA operons such as the 16S-23S
intergenic spacer (72). PCR conditions must be carefully controlled to give
reproducible results. The PCR products are separated by gel electrophoresis
immediately after amplification or after restriction enzyme digestion (52, 72).
Strain designations are made by comparing the simple banding patterns
visualized after ethidium staining; Southern hybridization is unnecessary.
PCR-ribotyping and conventional ribotyping are about equally discriminatory
even though conventional ribotyping reveals polymorphisms both adjacent to
and within rRNA operons (167). Therefore, faster and simpler PCR-ribotyping
methods will probably replace conventional ribotyping to a great extent. All
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ribotyping procedures are incapable of detecting polymorphisms elsewhere in
the genome. Consequently, PFGE typing is more discriminatory because of its
global genomic overview (141).
Other PCR typing strategies have been developed based on repeated
elements (e.g., enterobacterial repetitive intergenic consensus sequences
[34, 172, 187] and transposons [27]), variability in or near genes (e.g., the mecA
gene [123] and the coagulase gene [83]), and randomly amplified polymorphic
DNA (RAPD) (154). PCR typing of MRSA is more discriminatory than phage
typing (187). Three studies compared these PCR methods with PFGE typing. In
each study, PFGE matched or exceeded the discriminatory power of PCR typing
(27, 154, 172). These techniques are versatile and complementary to PFGE
typing, but they have limitations. The fragment patterns can be difficult to
compare because the bands that differ between patterns are often faint, minor
PCR products (34, 154, 172). Reproducibility can be a problem: artifactual
variation of band patterns can occur when conditions are not optimized and
consistently applied (172).
6.

Variable-element RFLP Typing
RFLP typing of single copy genes can have low discriminatory power for

the same reason that ribotyping is of little value with organisms that have only
one rRNA operon: limited number of polymorphic bands. The utility of the
technique can be greatly enhanced by analyzing several single-copy genes in
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succession. This strategy, however, increases the time, cost and labor for
conducting the tests (78, 111). The mobile elements, IS256 and Tn554, are
often represented by multiple copies in the genome of S. aureus] they give
multiple RFLP bands when membranes with genomic digests are probed for the
transposable elements. This method has been used to type S. aureus isolates
although some strains are nontypeable because they lack the elements (75, 78
195). Methicillin resistance is mediated by the mecA gene product; the gene
resides within a variable region of the chromosome. A combination of mecA and
Tn554 probes hybridized to C/al digests is useful for characterizing MRSA based
on mec region and Tn554 insertion site polymorphisms. However, mecA-Jn554
typing should be used in combination with another discriminatory method such
as PFGE typing (26, 30, 37, 75, 76, 78, 152). Chapter 2 of this dissertation
reports the use of mecA-Tr\554 C/al polymorphism typing.
7.

Phage Typing
For many years, phage typing has been relied upon to distinguish strains

of S. aureus (13, 130). This phenotypic method is far from ideal and is being
replaced by a variety of DNA-based genotyping procedures. As already
mentioned, the CDC has replaced phage typing with PFGE typing (6). The CDC
report listed three disadvantages to phage typing: poor typeability, poor
reproducibility, and the effort required to maintain a large number of phage
stocks and propagating strains. Many MRSA strains do not react with the
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standard set of phages defined by the International Subcommittee for
Staphylococcus Phage Typing (37). Phenotypic variations in the culture being
typed results in poor reproducibility (187). Phage typing is done only by large
reference laboratories such as the CDC laboratory in Atlanta and the World
Health Organization Centre for Staphylococcus Phage Typing at Colindale
London (101, 130). Despite its problems, investigators using genotyping
methods may choose to conduct phage typing because the method is well
standardized allowing current isolates to be directly compared to recorded
lysotype patterns of isolates from many years ago (37, 71, 107, 135, 173, 187).
Unfortunately, current and historical isolates with the same lysotype may not
have the same genetic background (17).
The basic concept of phage typing is simple, but its molecular basis for is
understood only in general terms. Essentially all S. aureus bacteriophages
absorb to the same teichoic acid cell surface receptor. Any given strain of
S. aureus is susceptible to lysis by a limited number of different phages and is
capable of blocking lysis by all other phages at some point after the absorption
phase. Bacterial isolates are plated and subjected to a battery of many defined
phages. Susceptibility patterns are determined by scoring which phages are
lytic for a particular isolate. This differential susceptibility is the basis of phage
typing (13, 126, 130).
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Other phenotyping typing methods are sometimes used for S. aureus
strain differentiation such as immunoblot typing, biotyping and antibiogram
typing (14, 112). The utility of these methods is limited because the markers that
they detect are subject to unpredictable phenotypic variation. Some
investigators have found immunoblotting, a Western blot assay of
staphylococcal antigens, to be adequately reproducible and discriminatory, but
these investigators recommend that immunoblotting not be used alone until
pattern frequencies in S. aureus populations are assessed. Immunoblot patterns
are complex and difficult to interpret. The procedure requires the use of human
serum which is another disadvantage (101, 112, 177).
Biotyping involves analyzing the activity of about 20 metabolic enzymes.
It is routinely conducted for species identification but lacks the discriminatory
power needed for reliable strain identification (101, 177). Antimicrobial
susceptibility tests (antibiograms) are also routinely done and can be used as an
initial screen for strain relatedness. Often, differences in the resistance patterns
of strains are related to their plasmid content. The discriminatory power of
antibiograms can be enhanced by quantifying diffusion zone diameters using the
Kirby-Bauer disk diffusion method (14, 177). Variable expression of methicillin
resistance, which is termed "heteroresistance", is complex and can lead to the
misclassification of MRSA isolates as MSSA strains (32, 43, 151). Special
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culture conditions (increased salt concentration and decreased temperature)
must be used to reliably identify resistance (21, 56, 153).
8.

Multilocus Enzyme Electrophoresis
Multilocus enzyme electrophoresis (MLEE) is used to type bacteria based

on the relative electrophoretic mobilities of many different water-soluble
enzymes. The amino acid content of an enzyme determines its net charge and
rate of migration in an electric field. Mobility variants of an enzyme (allozymes)
directly correspond to differing alleles of the gene encoding the enzyme.
Enzyme extracts are electrophoresed in starch gels and stained with enzyme
specific reagents. This requires separate gels for each enzyme. The
'electrophoretic type" of an isolate is a composite of the relative mobilities of
10 to 20 different metabolic enzymes (160). Therefore, it is a true genotypic
method in contrast to the phenotypic methods such as biotyping or
bacteriophage typing. Some enzyme variants may not be distinguished by
MLEE if they encode amino acid substitutions that do not affect the net charge;
consequently, MLEE alleles may be groups of isoalleles. Posttranslational
modification can also alter enzyme mobilities, but this is not believed to be a
significant source of error.
MLEE has a theoretical advantage over methods that are based on the
variations in one or a few genes (ribotyping, variable gene probing and
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non-RAPD PCR techniques) because it can detect many polymorphisms
distributed throughout the genome. However, like ribotyping, MLEE does not
provide information on genomic alterations outside of the gene loci being tested.
MLEE has moderate to good discriminatory power. Unlike phage typing or
REAP, all isolates are typeable by MLEE (101). MLEE data is easily
quantifiable, but the results of different labs may be difficult to compare.
Unfortunately, MLEE is very labor intensive (perhaps second only to phage
typing) because it involves running numerous gels and using many special
buffers and enzyme stains (160).
As the methods for bacterial typing become more sophisticated, typing will
not only identify outbreak strains but will provide information on specific
virulence traits and other genetic characteristics (beyond resistance profiles)
that may assist in the control of outbreaks and the treatment of patients. For
example, certain protein A gene polymorphisms revealed by PCR typing have
been associated with increased virulence of some MRSA strains (47, 71, 159).
Also, DNA-based typing methods are beginning to reveal how new pathogenic
strains may have arisen.
C.

Genotyping Methods Provide Evidence for Horizontal Gene Transfer
Among Bacterial Strains
Musser and Kapur (117) used MLEE to analyze MRSA collected between

1961 and 1992. A similar collection was analyzed by others using mecA-Jn554
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C/al RFLPs (75). Musser and Kapur concluded that the MRSA of the 1960s and
early 1970s were clonal but that horizontal transfer of the mecA gene into
different S. aureus strains had occurred multiple times since then. They found
that the highly conserved mecA gene has taken up residence in at least five
divergent S. aureus lineages, defined by MLEE, representing much of the
breadth of genetic diversity in S. aureus. The MLEE data appears to contradict
the interpretation of mecA-Tr\554 polymorphism data that all present-day MRSA
arose from a single organism that acquired the mecA gene sometime in the early
1960s (75). This "clonal origin" hypothesis was formulated by Lacey and
Grinsted (79) in the 1970s. As more MRSA were characterized by genotypic
methods, evidence against the clonal origin hypothesis has accumulated (117).
The antiphagocytic M protein is the primary virulence factor of
Streptococcus pyogenes (group A streptococci). The protein is encoded by
emm or enn genes which are grouped together in the chromosomal vir regulon.
M antigens divide the species into about 100 serotypes. Isolates with the same
serotype have been assumed to be genetically homogeneous, but MLEE, PFGE
and nucleotide sequence analysis have shown that they are often genetically
diverse. These results do not support some of the historical associations made
between certain M serotypes and specific group A streptococcal diseases such
as rheumatic fever and post-streptococcal glomerulonephritis (118, 198).
Rather, the genotyping results provide evidence that vir regulon genes are
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horizontally transferred between S. pyogenes strains. For example, conserved
enn genes occur in divergent streptococcal lineages identified by MLEE.
Conversely, divergent enn genes can be found in closely related strains, emm
and enn alleles appear to be transferred independently thereby producing
mosaic vir regulons. The mechanism of transfer has not been determined (197).
Reassortment of virulence genes may allow a pathogen to assemble
combinations of genes that optimize its fitness and pathogenicity. S. pyogenes
serotype M1 strains are genetically diverse, but only two M1 subclones are
responsible for most group A invasive disease episodes. One of these
subclones is identified by a particular MLEE and PFGE pattern (a strong
indication of genetic homogeneity) and a certain combination of virulence genes.
Because of its uniform genomic composition and common set of virulence genes
in contrast to the heterogeneity of other strains, this highly successful subclone
probably arose very recently and spread rapidly around the world (118). A
system of "interchangeable parts" can also be found in the mec region of MRSA
(5). Some MRSA strains have enhanced spreading capabilities; other MRSA
strains do not spread easily within hospitals. The reasons for these strain
differences are not known (47).
The toxic shock syndrome toxin-1 gene (tst) is found among lineages
representing the entire breadth of S. aureus genomic diversity (defined by
MLEE), although one clone causes the majority of toxic shock syndrome cases.
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The tst gene, which encodes a superantigen, has been mapped to two different
chromosomal locations in divergent strains suggesting that horizontal transfer of
tst between S. aureus strains has occurred (118, 120). Similarly, the
streptococcal superantigen gene, ssa, has probably been horizontally
transferred between S. pyogenes strains (143). These examples {mecA, emm
tst and ssa) show that typing methods can provide insights into the development
of bacterial resistance, virulence and pathogenicity. MLEE has proven useful for
characterizing the genetic diversity of many bacteria including E. coli, MRSA
and Streptococcus pyogenes (4, 10, 117, 198).
Benign strains can acquire multiple virulence genes in a single horizontal
transfer event. Recently, strong evidence has been found for the simultaneous
transfer of large groups of virulence genes called "pathogenicity islands." In
Escherichia, Pseudomonas, Salmonella, Shigella, and Yersinia species
pathogenicity islands are highly homologous clusters of genes that are arranged
on the chromosome in the same order that they appear on plasmids in other
strains (64, 145). Their GC content differs from that of the DNA surrounding
them, providing additional evidence that the genes originated in very different
host bacteria (7, 105). Some pathogenicity islands encode proteins involved in
the type III secretion system which is related to flagellar biosynthesis (64). The
system is crucial for the virulence of these diverse gram-negative organisms
and is a potential target for future antibiotic development (7).
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Some pathogenicity islands are bounded by insertion sequences while
others are associated with tRNA loci (142). Uropathogenic E. coli have two
pathogenicity islands (Pais). Pai I is a 70 kb element integrated into the seIC
tRNA gene and Pai II is a 190 kb region incorporated into the leuX tRNA gene.
Pai I and II are flanked by 16 or 18 nucleotide direct repeats, respectively, that
share a five nucleotide motif which is also found in a conserved tRNA loop. In
other words, Pai I and II probably integrated by similar mechanisms. The two
pathogenicity islands excise from the chromosome at high frequency probably
mediated by the action of retronphages that target tRNA genes (16, 144, 175).
A 35 kb pathogenicity island called the locus of enterocyte effacement is
found at precisely the same location in the seIC gene occupied by Pai I. The
locus contains the virulence genes essential for the pathogenesis of
enteropathogenic E. coli strains and the enterohemorrhagic E. coli strain
0157:H7 (a major food-borne pathogen that causes bloody diarrhea and
hemolytic uremic syndrome). The locus is also found in Hafnia and Citrobacter,
which indicates that the pathogenicity island can be transferred between genera
McDaniel and coworkers (105) described the seIC gene as a "slot" in the
chromosome that accepts different virulence "cartridges" which determine what
disease the organism will cause. New pathogens are likely to arise by such a
modular approach.

36
Lysogenic phages are well known for their ability to carry virulence genes.
A recent example is the newly discovered filamentous phage, CTXQ, that carries
the toxin genes of Vibrio cholerae. It is the first known phage with filamentous
structure that can transfer virulence genes. CTXcD is interesting because it has a
combination of features found in several different accessory genetic elements
(phage, plasmid, transposon, and pathogenicity island). It infects nonpathogenic
V. cholerae strains as a phage, but it can replicate within the cell as a plasmid or
integrate into the chromosome like a transposon (192). Because it contains at
least 5 toxin and virulence genes, the 7 kb CTXO element could be considered a
small pathogenicity island.
D.

The Mec Region
Horizontal transfer has played an important role in the origin of MRSA

(117). The mecA gene, which is responsible for methicillin resistance, is entirely
new to S. aureus] it has no homologue in sensitive strains. The mecA gene,
which is a part of a 30 to 60 kb region of non-staphylococcal DNA, was
apparently transferred to S. aureus from an unknown donor organism. The
mechanism of transfer is also unknown, but the element may have integrated
into the chromosome by transposition (11,190). The gene itself shows little
sequence variation among MRSA strains, but the sequences surrounding the
gene, called the "mec region", are polymorphic. The mecA-Jn554 RFLP typing
method detects polymorphisms of the mec region (75). Regular features of the

37
region include the transposon, Tn554, and copies of the insertion sequence
IS257, which sometimes flank integrated plasmids. Tn554 carries
macrolide-lincosamide resistance genes and the spectinomycin resistance gene
The integrated plasmids, pi 181 and pUB110, carry the tetracycline and the
aminoglycoside resistance genes, respectively. Genes for mercury and
cadmium resistance are found in the mec region of some MRSA strains. Various
combinations of these elements are found in different strains (reminiscent of the
vir regulon of group A streptococci) (31, 149). Although typical virulence genes
have not been found in the mec region, one could consider this region of foreign
DNA with its assortment of resistance genes to be equivalent to a pathogenicity
island. Similar to the instability of other pathogenicity islands, portions of the
mec region are spontaneously lost from the chromosome when MRSA are
serially cultured without selection for methicillin resistance (see Chapter 4 of this
dissertation) (39, 51, 63, 181, 190). This observation may have implications for
the clinical use of p-lactam antibiotics.
The variability of the mec region is a prime example of genomic
polymorphism in S. aureus (133). Several of the mechanisms that generate
diversity within S. aureus are particularly active here: horizontal transfer of
genes, and chromosomal integration by transposition or homologous
recombination. The clonal origin hypothesis of MRSA, favored for many years
states that mecA was acquired in a single transfer event shortly after methicillin
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was introduced and that all MRSA have descended from that ancestral cell.
Consequently, MRSA diversity was consider limited compared to the diversity of
the species as a whole (75, 79). However, genotyping methods are revealing a
more diverse MRSA population than would be expected if mecA had been
transferred to S. aureus only once or a very few times in the recent past (117)
Experimental evidence presented in Chapter 2 of this dissertation supports this
recent trend toward viewing S. aureus and especially MRSA strains as
genetically diverse.
E.

Hypotheses
New genotyping methods are revealing greater diversity among S. aureus

strains than perhaps had been appreciated with older phenotyping methods. To
test the hypothesis that S. aureus and MRSA strains have a high degree of
genomic polymorphism, we conducted macrorestriction genotyping and
restriction fragment length polymorphism assays to characterize a collection of
clinical S. aureus isolates. We examined the possibility that chromosomal
variations of a specific size class can be attributed to the insertion of temperate
bacteriophages. In addition, one isolate was serially propagated in the
laboratory to examine spontaneous changes in genome structure that occur
without selection. Various mechanisms for genetic change, such as point
mutations causing restriction enzyme recognition site alterations, deletions and
duplications of chromosomal regions by homologous recombination, phage
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integration, and the action of transposable elements are consistent with the
polymorphisms found in the clinical isolates that were surveyed. In the course of
examining genomic differences, aberrantly migrating DNA bands were observed
in pulsed-field gels. To test the hypothesis that these bands represent very
large plasmids, a general method for detecting and sizing large plasmids was
developed. The method showed, for the first time, that certain S. aureus strains
carry plasmids that are more than 300 kb length.
Basic molecular biology research is the key to understanding the
mechanisms of genetic change responsible for the development and spread of
antibiotic resistance genes. With this molecular level of understanding
strategies could be formulated to prevent the spread of antibiotic resistance
genes among staphylococci and other genera. Also, rational antimicrobial drug
design will rely on identifying new bacterial targets on the molecular level.
Perhaps ways of interrupting virulence factors could be found allowing the
body's immune system to clear pathogens. The remarkable ability of
microorganisms to undergo genetic change thereby adapting to each new
generation of antimicrobial agents is a challenge requiring increased public and
leadership awareness of the problem of resistance, closer attention to prudent
antibiotic use by the medical profession, better implementation of preventive
public health measures, and continued support for basic research on microbial
diversity.

CHAPTER TWO
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A.

Introduction
Staphylococcus aureus is a leading cause of hospital acquired

(nosocomial) infections (12). Methicillin-resistant S. aureus (MRSA) infections
can be difficult to treat because they are refractory to all befa-lactam antibiotics
(34, 52). Resistance to methicillin is mediated by a chromosomally located
gene, mecA, encoding the low-affinity penicillin-binding protein PBP2a (32, 33).
Often MRSA are resistant to other classes of antimicrobial agents, disinfectants
and heavy metals as well. These resistance genes are usually on plasmids (31).
The chromosomal and plasmid composition of MRSA are not static; rather, they
continuously change allowing the organism to adapt to selection pressures most
notably those exerted by antibiotics (12). The acquisition of the mecA gene and
a multitude of resistance plasmids are examples of genetic change in S. aureus
driven by over 50 years of antibiotic use (23, 35, 36). Implementation of
effective infection control measures to prevent the spread of MRSA in the
hospital setting partly depends on a basic understanding of the genotypic
diversity and adaptability of MRSA strains.
Various methods for identifying epidemic strains of MRSA in hospitals and
long-term care facilities have been developed including antibiotic sensitivities
(50), bacteriophage typing, plasmid typing (60), random amplified polymorphic
DNA assays (44), multilocus enzyme electrophoresis (MLEE) (35, 47), and
restriction fragment length polymorphisms (RFLPs) (2). Ribotyping and
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mecA-Jn554 polymorphisms are RFLP typing methods requiring the use of
specific probes (26, 51). Combinations of these methods can improve overall
typing sensitivity (25, 42, 53). Genotypic analyses like RFLP and MLEE are
considered more discriminatory than phenotypic techniques like bacteriophage
typing and biotyping. The application of MLEE has revealed considerable
chromosomal diversity in MRSA (35). The nature of the MLEE methodology
which requires multiple gels and enzyme specific stains would seem to preclude
its use as a routine typing procedure (47, 53).
Pulsed-field gel electrophoresis (PFGE) of MRSA genomic DNA digested
with restriction enzymes that cleave relatively few times has been used to
distinguish between strains of MRSA, and is considered to be a powerful and
reliable method of typing (21). Chromosomal variability among strains examined
by PFGE is revealed by differences in the number or migration rates of bands
PFGE affords a global view of the chromosomal differences among bacterial
isolates offering an advantage over ribotyping, random amplified polymorphic
DNA assays, and MLEE assays which provide a much narrower view of the
genome yet at higher resolution (40, 44). Although PFGE can be somewhat
technically demanding and time consuming, it is possible to harness its superior
discriminating abilities for routine typing by streamlining the protocol for DNA
preparation and using simpler electrophoretic techniques such as field inversion
gel electrophoresis rather than contour-clamped homogeneous electric field
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electrophoresis (CHEF) (6, 15, 53). CHEF seems to be cited more often in the
literature and is probably preferred because it resolves a wide range of fragment
sizes efficiently.
Macrorestriction digests of bacterial chromosomes resolved by PFGE
lends itself to the investigation of mechanisms that give rise to chromosomal
changes. Variations in the staphylococcal genome that can be readily detected
in macrorestriction digests have arisen by various mechanisms. Integration of
temperate bacteriophages is a common source of chromosomal variation that
can be confirmed by Southern hybridization with bacteriophage probes (28, 48).
Transposons carrying antibiotic resistance genes also integrate into the
chromosome (e.g., Tn554) (14). Insertion sequences on plasmids and the
chromosome can be targets for homologous recombination resulting in the
integration of the plasmid with its resistance genes (IS257/pT181 Tef) (49).
Other repeated sequences may also activate recombination events. Large scale
rearrangements, duplications, insertions or deletions as well as point mutations
that involve restriction sites can effect the size and number of restriction
fragments detected by PFGE.
We examined the Sma\ genomic fragment patterns after PFGE of
135 MRSA clinical isolates from five Southern California hospitals and one
Midwestern hospital. In this survey of MRSA, we demonstrate the variability
among isolates as well as taking note of the close similarity between some
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samples obtained from widely separated sites. In subsequent work, closely
related strains will allow us to investigate the mechanisms that may have led to
the simple band differences that we have observed.
Though superficial comparisons of fragment patterns may be sufficient for
the task of strain typing, a more thorough analysis was required to discern
genetic relationships among strains and to reveal the origins of the variations.
The differences between isolates that appeared to have similar digestion
patterns were more clearly understood only when they were analyzed with two or
more rare-cutting enzymes. We used Cspl to confirm relationships between
isolates that appeared to have similar Sma\ digests and to clarify ambiguities in
the Sma\ data. The Cspl digests often revealed that there were comigrating
fragments in the Sma\ digests that were not recognized earlier. Sma\ and Cspl
data were used to obtain reliable estimates of total genome size. Some
relationships between isolates were discovered only after examining the Cspl
digestion patterns. Evidence for significantly larger genomes in some isolates
became convincing only after the Sma\, Cspl, SgrA\ and Asc\ macrorestriction
digests were critically compared. RFLPs of mecA and Tn554 were used to
further type representative isolates in our collection.
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B.

Methods
A list of staphylococcal isolates and their sources is given in Appendix 1.

Isolates showing positive latex agglutination with the Staphaurex kit (Wellcome
Diagnostics, Dartford, England) were identified as S. aureus. Some
Staphaurex-positive isolates with large genomes were confirmed to be S. aureus
by testing for their ability to produce acetoin from pyruvate and to ferment
D-mannitol. The agglutination-negative S. epidermidis and S. warned isolates
were identified by testing for acid production from D-mannitol, and D-mannose
(24).
Agarose gel plugs of staphylococcal genomic DNA were prepared as
previously described (6). In some preparations instead of adding
phenylmethylsulfonyl fluoride (PMSF, Sigma) to inhibit the activity of proteinase
K during digestion with restriction enzymes, proteinase was eluted from plugs by
incubating them for 1 hr at room temperature in 20 ml of 10mM Tris (pH 8.0).
For Sma\ restriction enzyme digestion 100 pi plugs were soaked in 200 pi
of the digestion buffer recommended by the supplier (New England Biolabs) and
then the plugs were incubated with 25 units of Sma\ in 200 pi of fresh digestion
buffer overnight at 22°C. For AscI (New England Biolabs), Cspl (Promega) and
SgrA\ (Boehringer Mannheim) digestions, 1 mm slices cut from the gel plug with
a sterile glass coverslip were soaked in 200 pi of the digestion buffer
recommended by the supplier. Then single slices were incubated with either
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5 units of Asc\ in 50 pi of digestion buffer for 5 h at 37°C, or 3 units of Cspl in
25 pi of digestion buffer for 4 h at 30°C, or 3 units of SgrA\ in 20 pi of digestion
buffer for 5 h at 37°C . The digestions were stopped by removing the reaction
buffer, adding 100 pi of ES buffer (0.5M EDTA [pH 8.0], 1% N-lauroylsarcosine)
to the samples and placing on ice. Sma\ treated plugs were cut into 1 mm
slices. Slices were applied to wells in 15 x 15 cm, 1.2% (w/v) SeaKem GIG
agarose gels (EMC Bioproducts), prepared in 0.5x TBE buffer (45 mM Tris-OH
[pH 8.0], 45 mM boric acid, 1 mM EDTA), and run in the same buffer in a
contour-clamped homogeneous electric field (CHEF) apparatus (Pharmacia
Biotech) with pulse times of 45 s for 16 h, and 25 s for 10 h for Sma\ digests, or
125 s for 16 h, 45 s for 12 h, and 25 s for 6 h for AscI and Cspl digests at 210 V
and 130 mA, or at 190 V and 130 mA for SgrA\ digests. Bacteriophage A
concatemers and Low Range A concatemers (New England Biolabs) were used
as markers. Photographic negatives of ethidium bromide-stained gels were
scanned and size determinations were made by using Biolmage software
running on a Sun SPARC-2 workstation.
Using the Biolmage software, we generated computer representations
(lane maps) of Sma\ genomic patterns (Fig. 2). Each gel typically included a
DNA sample from either a GP1 or GP19 strain that served as an internal
standard. It allowed us to calculate the standard deviation of fragment size
measurements. The mean fragment sizes of five bands in the Smal digests of a
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GP19 strain and their standard deviations (expressed as percent of mean) in
eight gels were: 614 kb ±4.1%; 375 kb ±1.5%; 286 kb ±1.7%; 176 kb ±1.7%;
65 kb ± 2.8%. Others have reported standard deviations of 2 to 5% in fragment
sizes after PFGE (40).
Biolmage software enabled us to construct a dendrogram (Fig. 3) which
shows the percent similarity among 39 clinical isolates, S. aureus 8325
(a reference strain), S. aureus AJCC strain 29213 (GP18), a methicillin-resistant
S. epidermidis (GP33) and a methicillin-resistant S. warneri (GP12).
(See Appendix 1 for a list of these 43 Staphylococci showing their sources and
characteristics.) The unweighted pair group method with arithmetic averages
(UPGMA) (5) was applied using the 95% confidence intervals for fragment sizes
(two standard deviations) to identify matching bands. The algorithm for
calculating percent similarity was: (#matched)/(#A + #B - #matched) x 100 where
#A is the number of bands in lane A, #B is the number of bands in lane B, and
#matched is the number of matched pairs of bands from the comparison of lane
A with lane B.
Polymorphisms in the mec region and variations in the genomic loci of
Tn554 were examined by hybridizing labeled probes for these elements to
Southern blots of C/al digested genomic DNA. We used a gel-purified 1 kb
fragment of the mecA gene, cloned in pUC18 and carried by E. coli RN7327 as a
probe. To probe for Tn554 we used a labeled pUC plasmid from E. coli RN7951
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that carries a 5 kb segment of the transposon. E. coli RN7327, E. coli RN7951
as well as S. aureus strains with several different C/al polymorphisms in mecA
or Tn554 including type l:A (strain BK1508); type ll:D (strain RN6354); type l:C
(strain RN7182); type IV:M (strain RN7538) were obtained from Kreiswirth
(11, 26). Agarose plugs of these four S. aureus strains and the 14 strains shown
in Fig. 1 were prepared as described (6). Half plugs (50 pi) were equilibrated in
100 pi of 1x Buffer C (Promega) twice for 30 min each on ice. The buffer was
removed and the plugs were melted for 10 min at 72°C then placed in a 40°C
bath. One unit of befa-agarase was added to each sample and incubated for
2.5 h. The liquified samples were transferred to a 37°C bath for an overnight
incubation with 10 units of C/al (Promega) per sample. A 30 pi portion of the
digests was loaded to a 0.8% SeaKem GTG agarose gel (FMC Bioproducts) in
1x TBE, and continuous-field electrophoresis was conducted at 150 V for two h.
Southern hybridization was performed as follows. Gels were depurinated
for 10 min in 0.25 M HCI, denatured for 1 h in 0.5 M NaOH, 1.5 M NaCI,
neutralized for 30 min in 1 M Tris (pH7.5), 1.5 M NaCI, pressure blotted
(PosiBlot, Stratagene) for 1 h to Hybond™N+ nylon membranes (Amersham),
and cross-linked to the membrane with UV light (Stratolinker, Stratagene).
Membranes were prehybridized in 6x SSC (1x SSC is 0.15 M NaCI
0.015 sodium citrate [pH 7.0]), 5x Denhardt's reagent (0.5 g/ml Ficoll, 0.5 g/ml
polyvinylpyrolidone, 0.5 g/ml bovine serum albumin), 0.5% (w/v) sodium dodecyl
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sulfate (SDS), 100 mg/ml denatured salmon sperm DNA, and 50% (v/v)
formamide at 42°C for 3 h. Hybridization was in 15 ml of fresh solution without
Denhardt's reagent at 42°C for 16 h. Membranes were washed twice for 15 min
each in 2x SSC 0.1 % SDS at 42°C, once for 30 min in 1x SSC 0.1 % SDS at
65°C, and once for 15 min in 0.5x SSC, 0.1% SDS at 65°C. Autoradiographs
were produced by exposing Kodak X-OMAT AR film for 8 to 36 h at -80°C with
Kodak X-OMATIC intensifying screens.
C.

Results
We analyzed the genomic DNA of 135 Staphylococcus aureus clinical

isolates of which 125 were resistant to methicillin. Using two restriction
endonucleases, Sma\ and Cspl to digest the DNA within agarose blocks, and
pulsed-field gel electrophoresis, we identified 39 different Sma\ genomic
restriction patterns (GP). Figure 1 shows the genomic fragment patterns of
14 selected S. aureus isolates after Sma\ (panel A) or Cspl digestion (panel B).
Sma\ digests typically showed 19 fragments while Cspl digests showed 10
Lanes labeled GP19, GP20, GP39 and GP37 show the digests of some isolates
that appeared to be similar to S. aureus NCTC 8325 (lane 8325) for which a
macrorestriction map has been published (Appendix 2) (37). About half of the
clinical isolates that we have examined yielded a Sma\ genomic pattern that we
have labeled GP1 (Fig.lA). Lanes GP5 and GP55 are representatives of
another group of isolates related to GP1. Lanes GP2, GP9, GP25, GP56, GP31
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Figure 1. Pulsed-field gel electrophoresis of S. aureus genomic DNA after
digestion with Sma\ (panel A) or Cspl (panel B) showing diverse and* related
patterns. Bacteriophage A concatemer and Low Range A concatemer markers
were loaded together in lanes labeled M. Lanes labeled as 8325 contain
genomic fragments of the S. aureus mapped strain NCTC 8325 (see Appendix 2)
(37). The remaining lanes display the fragment patterns of clinical isolates of
S. aureus according to their genomic pattern numbers.
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and GP32 show the digests of isolates selected from our collection because they
produced very diverse fragment patterns.
Figure 2 shows a computerized gel representation of the 39 Sma\
genomic patterns that we have characterized. (The fragment patterns in
Figure 2 were ordered to match the dendrogram in Figure 3.) Closely spaced or
thickened lines indicate comigrating fragments as determined by densitometry.
Four additional staphylococci have been included in the figure for comparison.
The first lane represents the reference strain NCTC 8325, which shows strong
similarities to the next eight patterns observed in clinical isolates. The pattern
shown for GP18 was obtained from a stock strain (ATCC 29213), but it showed
affinities to the clinical isolates in the four preceding lanes labeled GP25, GP56
GPS and GP17. The patterns labeled GP33 and GP12 were obtained from
clinical isolates of methicillin-resistant S. epidermidis and methicillin-resistant
S. warned respectively. They were very different from each other and from the
S. aureus samples.
Ten methicillin-sensitive S. aureus (MSSA) were among the 135 clinical
samples that we studied. They produced a variety of fragment patterns (GP20
GP10, GP11, GP41, GP34, GP31, GPS, GP17, GP7, and GP6); four resembled
MRSA patterns. The MSSA that produced GP20 is a representative member of
the NCTC 8325-related group. The MSSA strains that produced GP6 and GP7
resemble GP1, the predominant genomic pattern among MRSA in this collection
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Figure 3. A dendrogram showing the percent similarity among Smal'fragment
patterns of 43 staphylococcal genomes as determined by the UPGMA method.
Isolates are identified by their genomic pattern numbers as described in the
legend of Figure 2.
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They differ from GP1 strains principally in the absence of a band at -220 kb.
The GP10 pattern is similar to GP2. The remaining six MSSA produced diverse
patterns.
The dendrogram shown in Figure 3 is a graphical representation of
relationships among the isolates based upon the number of Sma\ bands that
matched in pairs of digests. Bands matched when there was an overlap in the
95% confidence intervals of their size estimates. The confidence intervals of
bands were about ±6% (10-100 kb), ±3% (100-500 kb), or ±8% (>500 kb). The
UPGMA algorithm confirmed most of the visual impressions obtained by direct
examination of the digests. Eight isolates with digestion patterns resembling
that of NCTC 8325 formed a compact group showing a 58% or greater similarity
with each other. The next 14 isolates formed the GP1-like group with a >48%
similarity. The 8325-like cluster and the GP1-like group are related at the 48%
level. A loose cluster of genomic patterns represent strains that have larger
genomes (3,500 - 3,800 kb) than the average of all our isolates (3,023 kb). The
five isolates that form this group (GP25, GP56, GPS, GP17, and GP18) had
Sma\ digestion patterns that were distinguished by the presence of many gel
bands that contained two DNA fragments. This feature was confirmed by
comparing digests obtained with Cspl, Sg/AI, and Ascl. The high number of
comigrating fragments suggests that a region of these genomes was duplicated.
The Sma\ and Cspl digests of GP25 and GP56 are shown in Fig. 1A and Fig. 1B
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and the Sma\ digests of the five isolates are illustrated in Fig. 2 (SgrAI and /\scl
data not shown).
The 16 patterns from GP2 to GP57 branched deeply in the dendrogram
and displayed a diversity that was characteristic of our S. aureus strains. Eight
of the 29 MRSA (28%) genomic patterns that we have observed showed little
relationship with each other or with the two main patterns typified by NCTC 8325
and GP1. The algorithm placed GP6 and GP7 apart from the GP1-like patterns
although their overall patterns appeared similar to GP1. Major band differences
in the 220 kb range in GP6 and GP7 relative to GP1 resulted in the assignment
of a low percent similarity value between them. Clinical isolates of methicillinresistant S. epidermidis (GP33) and methicillin-resistant S. warneri (GP12) were
included in the dendrogram to show the lower limits of Sma\ genomic pattern
similarity among staphylococci in our collection. The S. werneri isolate roots the
tree at 13%.
When related patterns were compared, simple band differences were
frequently observed. The 363 kb Sma\ band in 8325 (Fig. 1A, lane 8325) is
12 kb smaller than the 375 kb band in GP19 (Fig. 1A, lane GP19). Some simple
differences like those between GP19 and GP20 (Fig. 1A) and between GP1 and
GPS (Fig. 1 A) involve comigrating Sma\ fragments. A 49 kb segment of the
229 kb Sma\ fragment of GP19 has probably been deleted from the genome of
GP20 resulting in a 180 kb comigrating band. A difference of 49 kb between the
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239 kb Cspl band of GP19 and the 190 kb Cspl band of GP20 (Fig. 1B)
confirmed the interpretation of the Sma\ data. Another difference in band
intensities can be seen when comparing the more intense 65 kb Sma\ band in
GP1 (Fig. 1 A) with the corresponding 65 kb band in GP5 (Fig. 1A) which has an
intensity comparable to its neighbors. A likely explanation is that the fragment
corresponding to the 184 kb band in GPS is 119 kb smaller in GP1 and migrates
at approximately 65 kb. The Cspl digests show a similar 110 kb difference
without band comigration (Fig. 1B, lanes GP1 and GPS). Some pairs of isolates
are more distantly related to each other. There are at least five fragment
differences between GP19 and GP39 with the UPGMA algorithm assigning them
a 58% fragment similarity value.
At least two enzymes were needed to determine the extent of differences
between some S. aureus isolates. The GP2 Sma\ pattern (Fig. 1A) appeared to
be similar to the GP1 Sma\ pattern (Fig. 1A).

However, comparing the Cspl

fragments of these two isolates showed that they differed by more than three
bands (Fig. 1B). Conversely, the Smal patterns of GP19 and GP37 (Fig. 1A)
appeared unrelated, but their Cspl patterns (Fig. 1B) differed by only two bands.
GP37 has 40 to 45 kb more DMA than does GP19 in both of its 749 kb and
132 kb bands.
We used an RFLP method based on C/al fragment polymorphisms of the
mecA gene and the site-specific transposon Tn554 to further classify our

58
isolates. There is a single C/al site in the mecA gene and one in Tn554.
Therefore, after C/al digestion, each copy of the gene or transposon produces
two C/al bands that hybridize to specific probes. The regions flanking the gene
or transposon are usually responsible for the variations in the sizes of the
fragments. All of the clinical isolates shown in Figure 1 contained a single copy
of the mecA gene except GP20, GP31 and NCTC 8325. Eight isolates had the
mecA type I pattern, and three isolates had pattern II (Table 1) as classified by
Kreiswirth et al. (26). Six different Tn554 patterns were identified (Table 1). The
isolates with genomic patterns GP19, 1, 5, 32, and 37 had the mecA-Jn554
pattern l:A. GP55 and GP2 were type ll:A, and GP9 was type ll:J. We found
that the same Tn554 pattern can occur in isolates with different mecA patterns
(10, 13). The Tn554 polymorphisms exhibited by GP20, 39, 25, 56, and 31 do
not correspond to previously published patterns. GP20 and GP31 have the
same Tn554 pattern, labeled a, which is similar to type A except that one of the
two copies of the transposon in type A is missing. This could be explained by
the deletion of the mec region including both the mecA gene and the mec
region-associated copy of Tn554. The Tn554 pattern of GP56 is similar to type
L which we labeled as A; however, GP39 and GP25 Tn554 types are unique
(designated (3 and y respectively). The mapped strain, 8325, showed no
hybridization with the Tn554 probe. The mecA-ln554 patterns of the 14 isolates
displayed in Figure 1 are listed in Table 1 according to their genomic pattern and
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isolate numbers. The genome sizes of the isolates determined by the
summation of Sma\ and Cspl fragments are also given.
D.

Discussion
A survey of 135 clinical isolates of S. aureus obtained during MRSA

outbreaks revealed 39 distinct genomic patterns after their chromosomes were
digested with Sma\ and the fragments were resolved by PFGE. Ten MSSA
genomic patterns were included. About half of the 29 MRSA genomic patterns
(the GP1-like group) were similar to each other even though they were obtained
from widely different locations. A second group (the 8325-related patterns) had
similar characteristics suggesting that the two groups represented variants of
two epidemic strains. Together, these two groups of epidemic strains accounted
for nearly three quarters of the collection. On the other hand, 8 of the
29 methicillin-resistant isolates (28%) showed little resemblance to any of the
others in the collection. Of the 10 clinical MSSA isolates that were included in
the analysis, four appeared similar to MRSA strains, but the remaining six had
unique genomic patterns. Though epidemic MRSA do show clonality with only a
limited number of strains being responsible for most outbreaks, the genetic
heterogeneity that we observed during outbreaks contradicts the view that all
MRSA are clonally restricted and show little diversity (9, 26, 27, 45, 50, 53). The
recovery of a considerable number of very diverse MRSA suggests that
horizontal transfer of the mecA gene into divergent MSSA strains may be
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generating a more polymorphic MRSA population than has been recognized in
the past (7, 10, 13, 30, 43).
Designing a successful strategy to prevent the spread of antibiotic
resistance genes depends on gaining a better understanding of the mechanisms
of genomic diversification and gene transfer. The exact sequence of events that
has led to the observed diversity in S. aureus cannot be reconstructed with
certainty, but a variety of known mechanisms of genomic change are in
operation with antibiotic selection thought to be driving much of the
diversification. The acquisition of the non-staphylococcal mecA gene is a prime
example of genomic change in S. aureus, but how mecA became a part of the
chromosome is not clearly understood although it may have involved
recombination or transposition given the presence of Tn554 and numerous
copies of insertion sequences in the mec region (3, 14, 49, 55). Bacteriophage
integration is responsible for some genomic polymorphisms (8, 28, 48). For
example, some of the band differences between apparently related isolates in
our collection are consistent with phage integration into the chromosome
resulting in an approximate 45 kb band shift. Transposon or insertion sequence
(IS) activity could explain some of the smaller changes. Point mutations
inversions, duplications, insertions and deletions can affect PFGE genomic
patterns as well (16, 54, 59). Plasmids with resistance genes integrate into the
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chromosomes of some strains by recombination between plasmid and genomic
copies of IS elements (49).
We used a computer-generated gel representation to display the genomic
patterns and estimated their diversity with a UPGMA algorithm that prepared a
dendrogram based upon their percent similarity. A high degree of genomic
variability is illustrated by the 16 isolates that branch from the GP1-like and
8325-like groups at less than 37% similarity. Eight of the 29 MRSA genomic
patterns belong to this diverse class.
MRSA isolates GP25 and GP56 had particularly unique digestion patterns
with as many as nine multiple comigrating Sma\ and Cspl bands. They were
similar to MSSA isolates GPS, GP17 and GP18. This group of five isolates have
genomes that are 0.5 to 0.8 Mb larger than the average 3.0 Mb genome in our
collection. Because the genome sizes of other staphylococcal species may
differ significantly from the genome sizes of S. aureus strains (1, 38), we
reconfirmed that the five isolates were indeed S. aureus including GP18
(ATCC 29213) by testing for their ability to produce acetoin from pyruvate and to
ferment mannitol (24). We propose that a duplication of chromosomal DNA
occurred in these isolates. SgrA\ and AscI digests of these isolates also support
the possibility of large duplications (data not shown).
Homologous recombination between repeated sequences such as rRNA
operons is one possible mechanism for producing large tandem duplications.
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(Duplications involving recombination between repeated sequences have been
characterized in Escherichia coli ranging in size from 100 kb to 2 Mb [18, 58].)
The genome of GP25 (3.7 Mb) is about 900 kb larger than the published size
(2.8 Mb) of NCTC 8325. Two of the rRNA operons in NCTC 8325 are separated
by about 900 kb of DNA with six intervening Sma\ fragments (see Appendix 2)
(37, 57). A corresponding region in the GP25 genome and the other four
genomes may be duplicated which could account for six of the comigrating Sma\
bands observed in GP25.
Such a duplication of this 900 kb region would arise only if the flanking
rRNA operons were in direct orientation; however, the operons flanking this
region in NCTC 8325 are oppositely oriented to each other (see Appendix 2)
(57). An inversion of one operon would provide the required arrangement for
duplication to occur. Deletions as well as duplications of the 900 kb region
could take place by homologous recombination between directly repeated
operons, but genomes with very large deletions were not detected presumably
because such deletions would eliminate essential genes resulting in nonviable
cells (41).
The origin of replication, which is thought to be in this area of the
chromosome, may be duplicated in GP25 and its relatives. A duplication
involving the origin of replication (especially one that is symmetrical with respect
to the origin) may not detrimentally alter gene dosage or genomic "balance" in
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S. aureus which may be responsible for maintaining stable genomic structure

(19, 29, 46).
The dendrogram generally overstates the dissimilarity among the MRSA
strains because it is based on a comparison of fragment sizes rather than their
sequences. In spite of the artificially low percent similarity values, the positions
of isolates in the dendrogram and their relative distances from each other are
probably accurate. Overstatement of dissimilarity occurs when a small alteration
in the size of a large DNA fragment produces a mismatch even though the
sequences remaining in the unmatched bands are highly homologous. The
dendrogram more accurately reveals the relationships between closely related
strains than distantly related strains because non-homologous fragments from
highly diverse strains are fortuitously matched more often than fragments from
very similar strains. When most of the DNA fragments (bands) between two
strains being compared are matched by the dendrogram algorithm, it is very
likely that the DNA sequences of those fragments are essentially identical. The
few differences between the two fragment patterns provide a reasonable
measure of the relatedness between the two strains, although the percent
similarity assigned to the pair likely underestimates the true value. But when two
distantly related strains are compared, the number of DNA bands that appear to
match is likely to be inflated by the occurance of two fragments of nearly the
same size that contain unrelated sequences.
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The dendrogram depicts only the level of similarity among the isolates;
it does not provide information about the time course of change. The rate of
change between the isolates shown in the dendrogram and their unidentified
ancestor is unknown and may not be constant.
Outbreaks of MRSA infections are usually caused by a single clone that is
more infectious than the diverse background strains (13). Though our samples
were collected over a seven year period from several different localities, we
identified two clusters of MRSA isolates that were readily distinguishable from
the remaining diverse MRSA strains. These GP1-like and 8325-like clusters
represent epidemic strains and their derivatives based on their clonality and the
frequency with which they appeared among isolates collected during outbreak
conditions (60); about half of the isolates exhibited the GP1 pattern. The GP1
related isolates were recovered from all of the Southern California hospitals
surveyed and a hospital in St. Louis. The group that resembles NCTC 8325
were recovered from two Los Angeles hospitals and the St. Louis hospital but
not from the hospitals in the vicinity of Loma Linda, CA.
Methicillin-sensitive strains sometimes showed chromosomal digestion
patterns that were nearly identical to those of MRSA; the MSSA isolate that
produced the GP20 pattern is closely related to the MRSA with the GP19
digestion pattern. GP20 may have been derived from GP19 by a deletion in the
mec region. MSSA homologues of epidemic MRSA strains have been observed
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by others (13, 22). Spontaneous deletions in the mec region have been
reported (20, 39, 56) and have been observed in our laboratory (data not
shown). Similarly, there are indications that the MSSA isolates represented by
GP6 and GP7 may be closer to GP1 than is represented by the dendrogram.
Lacking certain portions of the GP1 genome, they are placed at a greater
distance from GP1 than may be warranted. GP6 and GP7 may be related to the
MSSA parent of GP1, or, alternatively, they may be methicillin-sensitive by virtue
of deletions experienced by an MRSA ancestor (22).
Cspl digestions added vital information to the Sma\ results, especially for
closely related isolates. Several isolates had Sma\ digestion patterns that
differed from each other only by the fact that one member produced two different
fragments of nearly the same size which comigrated at a position in the gel that
corresponded to a single fragment in the other isolate. The difference was often
subtle and could be documented with effort by integrating the fluorescent
intensity of the bands after densitometry. Since Cspl digestion produced fewer
fragments, there was less chance that two would be nearly the same size. Cspl
SgrAI, and AscI digestions were essential in identifying isolates with genomes
that were larger than normal. All of the restriction enzymes produced fragment
patterns with several comigrating fragments from those isolates, indicating that a
large region of their genomes had been duplicated. This may have occurred by
homologous recombination between two widely spaced rRNA operons. For such
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a duplication event to occur, the operons would have been oriented in the same
direction.
The isolates from Californian hospitals were previously typed on the basis
of their plasmid content (60). Plasmid DNA samples were digested with EcoRI
the fragments were separated using conventional gel electrophoresis, and the
isolates were characterized according to the digestion profiles (DP) of their
plasmids. Isolates with one particular plasmid digestion profile (DP1)
correspond closely with the GP1-like group identified by genomic analysis. The
two methods were in general agreement regarding the isolates that constituted
the major outbreak strain. A few cases, however, illustrate that the results of
plasmid and genomic typing methods do not always agree. First, the REAP
method did not identify the 8325-like cluster because the members of this group
harbored a wide variety of different plasmid combinations (e.g., DP14, DP15
DP18, DP46, and DP50) while their chromosomes were nearly identical.
Second, REAP grouped nine isolates with common plasmids (DP2), suggesting
that they were endemic strains in the hospitals. Genomic analysis, however,
found these isolates to have four widely different chromosomal configurations
(GP2, GP10, GP11 and GP1). Finally, one isolate was included in the outbreak
strain because it contained DP1 but its genomic digest (GP9) classified it among
the diverse, non-epidemic MRSA. Though there is general correspondence
between the methods (12 discrepancies among 71 MRSA isolates), we cannot
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fully support the conclusion that isolates identical by REAP always have
identical or closely related genomes (17).
Our analysis of mecA and Tn554 C/al polymorphisms supports the
concept of multiple horizontal transfers of mecA into divergent MSSA strains.
Our data also agree with the proposal that the mecA gene itself shows limited
clonality rather than MRSA strains in general (10). The RFLP results showed
that the MRSA isolates in Figure 1 had only two different mecA polymorphisms
even though the overall genomic patterns showed considerable diversity. Some
of the isolates with similar genomic backgrounds had different mecA
polymorphisms (e.g. GP1 is type l:A and GP55 is type ll:A), and other isolates
with very different backgrounds had the same mecA polymorphism (e.g. GP1
and GP32 are both type l:A) (13). Much of the genomic diversity among
S. aureus could have arisen before the entrance of the mecA gene, and the
different mecA polymorphisms may have been produced in a non-S. aureus
donor before being transferred to S. aureus. On the other hand, the data do not
exclude the less likely possibility that a single mecA polymorph entered one
MSSA strain, and both the mec region and the chromosome diverged producing
all of the different MRSA clones observed. But more limited divergence probably
does occur. For example, the type ll:A polymorphism of GP55 may have been
derived from type l:A within GP1 which then became GP55 by alteration of its
genome (or vice versa). This would require only one transfer of mecA into GP1
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rather than two transfers of mec type I and type II from two different donor
organisms into GP1 and GP55 respectively. Therefore, the precise frequency of
horizontal transfer of mecA cannot be determined from the mecA polymorphism
data. However, the mecA RFLP data taken together with high genomic diversity
revealed by PFGE typing strongly support multiple horizontal transfers.
Considering the GP1 and GP32 example, it would be unlikely that mecA type l:A
was passed to GP1 which then underwent major genomic change within a limited
time frame to become GP32 retaining the mecA type l:A pattern. It is more likely
that mecA type l:A was transferred into MSSA precursors of GP1 and GP32 on
separate occasions.
Given the chromosomal diversity of the MRSA tested, our survey
suggests that the mecA gene has been horizontally transferred to numerous
lineages of S. aureus. Either the mecA gene was passed horizontally many
times to individual S. aureus lineages from a non-staphylococcal organism, or it
was passed once or several times to a staphylococcal species and subsequently
distributed among various S. aureus strains. Evidence based on the
comparative structure of the region surrounding the mecA gene indicates
horizontal transfer from a coagulase-negative staphylococci to S. aureus may
have occurred on at least one occasion (3, 4). Some have concluded that mecA
has been passed to S. aureus once or very few times followed by chromosomal
divergence meaning that MRSA represent a limited clonal subset of the
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S. aureus species (26, 27). MRSAfrom the 1960's are considered clonal, but
the diversity of MRSA today points to multiple transfers of mecA into S. aureus.
E.
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A.

Abstract
We have devised a method for detecting and estimating the sizes of

large bacterial plasmids in the presence of genomic DNA by pulsed-field gel
electrophoresis (PFGE). Bacteria harboring plasmids were embedded in
agarose and lysed using a rapid protocol. Plugs were incubated with S1
nuclease and subjected to PFGE in agarose gels. S1 nuclease converted
supercoiled plasmids into full-length linear molecules. Large plasmids migrated
as discrete bands that were readily observed after ethidium staining. Their sizes
were reliably estimated by comparison with linear DNA markers. Without S1
digestion, supercoiled plasmids migrated at rates that were not a simple function
of their molecular weights, making size determinations problematical. S1-PFGE
detected megaplasmids up to 609 kilobases (kb) in six genera of bacteria
{Agrobacterium, Escherichia, Klebsiella, Pseudomonas, Salmonella, and
Staphylococcus). The procedure gave size values consistent with previous
estimates for characterized megaplasmids. Eight new plasmids between
102 and 316 kb were discovered in Klebsiella and Staphylococcus. S1-PFGE
avoids the difficulties of plasmid isolation, eliminates the preparation of probes
and does not require knowledge of restriction enzyme cleavage sites. It detects
multiple large plasmids up to the limits of PFGE, and can be used to screen for
megaplasmids in many strains simultaneously.

80
B.

Introduction
Circular DNA plasmids greater than 100 kilobases (kb) in size have been

described in a variety of microorganisms.

Interest in such megaplasmids has

been stimulated by the fact that many are responsible for distinctive and
significant bacterial traits, including virulence, root nodulation and nitrogen
fixation, antibiotic and heavy metal resistance, conjugation, plant tumorinduction, C02 fixation, and exotic metabolic transformations.
Serious technical challenges are encountered when working with very
large extrachromosomal DNA molecules. They do not separate readily from
chromosomal DNA in procedures commonly used to purify smaller plasmids
(1, 2, 3). Megaplasmids are too large to resolve in conventional gel
electrophoresis (4, 5). They are subject to nicking and shearing in standard
laboratory operations. Their closed-circular supercoiled forms (SC) move very
slowly in pulsed-field gels, and relaxed or nicked open-circular forms remain
trapped in the sample wells (6, 7, 8). Only the linear forms, which are absent
from many preparations, migrate at rates that allow accurate size determination
by comparison with common linear markers (9). Consequently, megaplasmids
may often go undetected. Accurate determination of their sizes is laborious. It
generally requires purification away from the chromosomal DNA, selection of an
appropriate restriction enzyme for digestion (10), and summation of the sizes of
the resulting fragments after conventional gel electrophoresis.
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We describe a general method for detecting and sizing megaplasmids
from both gram-positive and gram-negative bacteria. The procedure includes
lysis of bacterial cells embedded in agarose plugs, S1 nuclease treatment to
convert the plasmids into unit-length linear molecules, and pulsed-field gel
electrophoresis (PFGE) with appropriate linear DNA markers to estimate their
sizes. Using this method we have confirmed the sizes of several megaplasmids
described previously, provided improved estimates for the sizes of others, and
discovered new plasmids in Klebsiella pneumoniae, Staphylococcus aureus and
Staphylococcus epidermidis.
C.

Materials and Methods

1.

Rapid Gel Plug Preparation
Agarose gel plugs of total cellular DNA for PFGE were prepared by a

modification of a published protocol (11). Bacteria were grown in a broth
medium appropriate for the strain until it reached an optical density at 510 nm of
0.3 to 0.8, as specified in Table 2. Ten ml of cells were washed with 1 M NaCI
10 mM Tris-HCI (pH 7.6) and resuspended in 500 pi EC buffer (1 M NaCI
100 mM EDTA, 6 mM Tris-HCI [pH 7.6], 0.5% [w/v] Brij-58, 0.2% [w/v]
deoxycholate, 0.5% [w/v] N-lauroylsarcosine). Immediately after resuspension
an equal volume of melted 1% InCert agarose (FMC Bioproducts), prepared in
EC buffer and maintained at 45°C, was added, followed rapidly by bovine
pancreatic RNase A (Sigma) to a final concentration of 20 pg/ml, lysozyme
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(Sigma) to 1 mg/ml, or lysostaphin (Sigma) to 50 pg/ml, for staphylococci. These
were mixed gently into the melted agarose without introducing bubbles. Gel
plugs were formed by pipetting 100 pi volumes into plug molds and allowing
them to cool on ice for 10 m. Solidified plugs were incubated for 1 h at 37°C in
1 ml of EC lysis buffer with RNase and lysozyme or lysostaphin at the same
concentrations as in the plugs, and each was incubated overnight at 50°C in
100 pi 0.5 M EDTA (pH 8.0), 1% N-lauroylsarcosine, 1 mg/ml proteinase K
(Boehringer Mannheim Biochemicals). When evidence of nuclease activity was
apparent in some DMA preparations, the proteinase K treatment was extended to
24 h or repeated. Plugs were treated twice for 2 h each with 1 ml of freshlyprepared 1.0 mM phenylmethylsulfonyl fluoride (PMSF, Sigma) in TE
(10 mM Tris [pH 7.5], 1 mM EDTA) at 37°C to inactivate the proteinase K,
followed by two 1 h incubations at 37°C in 1 ml volumes of TE buffer to remove
the PMSF. Plugs were used immediately or stored in ES buffer (0.5 M EDTA
[pH 8.0], 1% N-lauroylsarcosine) at 4°C.
2.

Digestion of DNA in Agarose Plugs and Pulsed-Field Gel
Electrophoresis (S1-PFGE)
Gel plugs were cut into 1 mm slices with a sterile glass coverslip and

soaked twice for 15 m each in 1 ml volumes of 10 mM Tris (pH7.5). Single slices
were incubated at 37°C for 45 m with 1 unit of Aspergillus oryzae S1 nuclease
(Sigma) in 200 pi of 50 mM NaCI, 30 mM sodium acetate (pH 4.5), 5 mM ZnS04
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(12). The reaction was stopped by transferring the slices to 100 pi of ES buffer
on ice. Digestion of DNA in gel plugs with restriction enzyme AvrW were
performed by incubating slices of the plugs with 10 units of the enzyme in 200 pi
of the digestion buffer recommended by the supplier (New England Biolabs) for
4 h at 37°C. Digested and undigested slices were applied to wells in 15 x 15 cm,
1.2% (w/v) SeaKem GTG agarose gels (EMC Bioproducts), prepared in
0.5x TBE buffer (45 mM Tris-OH [pH 8.0], 45 mM boric acid, 1 mM EDTA), and
run in a contour-clamped homogeneous electric field apparatus (Pharmacia
Biotech) with pulse times of 45 s for 14 h, and 25 s for 6 h, at 210 V and 130 mA
in 0.5x TBE buffer. Bacteriophage A concatemers (New England Biolabs) were
used as markers. Photographic negatives of ethidium bromide-stained gels
were scanned and size determinations were made using Millipore Biolmage
software running on a Sun SPARC-2 workstation. Sizes of plasmids reported by
the software are given to the nearest 1 kb. Multiple estimates of the same
plasmid from different gels have a standard deviation less than 5%.
3.

Probe Preparation and Southern Hybridization
Gels were depurinated for 10 m in 0.25 M HCI, denatured for 1 h in

0.5 M NaOH, 1.5 M NaCI, neutralized for 30 m in 1 M Tris (pH 7.5), 1.5 M NaCI
(13), pressure blotted (PosiBlot, Stratagene) for 1 h to Hybond™N+ nylon
membranes (Amersham), and cross-linked to the membrane with uv light
(Stratolinker, Stratagene).
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For detection of plasmid pSLT from Salmonella typhimurium, membranes
were probed with 32P-labelled pGTR130, a pUC13 derivative containing a 4.1 kb
EcoRI fragment from the virulence region of pSLT (also cloned into pYA414 [14];
Gulig, personal communication). Plasmid pGTR130 DNA was labeled with
[a-32P]dCTP (2300 Ci/mmol; Amersham) using random priming according to the
instructions of the labeling kit (New England Biolabs).
Membranes were prehybridized in 6x SSC (1x SSC is 0.15 M NaCI
0.015 M sodium citrate [pH 7.0]), 5x Denhardt's reagent (0.5 g/ml Ficoll,
0.5 g/ml polyvinylpyrrolidone, 0.5 g/ml bovine serum albumin)
0.5% (w/v) sodium dodecylsulfate (SDS), 100 mg/ml denatured salmon sperm
DNA, and 50% (v/v) formamide at 42°C for 3 h. Hybridization was in 15 ml of
fresh solution without Denhardt's reagent at 42°C for 16 h (13). Membranes
were washed twice for 15 m each in 2x SSC, 0.1% SDS at 40°C, and once for
15 m in 0.5x SSC, 0.1% SDS at 65°C. Autoradiographs were produced by
exposing Kodak X-OMAT AR film for 8 to 36 h at -100°C with Kodak X-OMATIC
intensifying screens.
D.

Results

1.

S1 Digestion Converts Plasmids to Linear DNA Forms
Plasmid pSLT of Salmonella typhimurium LT2 encodes adherence and

invasion traits that confer virulence (14). An untreated gel slice containing the
total cellular DNA of this microorganism produced a single PFGE band
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(Fig. 4, lane 2) that migrated at the same rate as a linear molecule of about
550 kb, by comparison with A concatemers. After S1 nuclease digestion, the
same material produced a single band that had the mobility of an 89 kb linear
DNA molecule (Fig. 4, lane 3). This size agreed very well with the 90 kb
estimate of previous investigators (15, 14). To demonstrate that the 89 kb band
represents the linear form of the plasmid, a third sample was treated with AvrW
(an isoschizomer of Bln\ [15]), a restriction enzyme known to cut pSLT only
once. Since Avrll also cleaves the genomic DNA of S. typhimurium several
times, multiple bands appeared after digestion and PFGE (Fig. 4, lane 4). The
location of the Avrll-cleaved, linear plasmid was revealed at the 89 kb position
after the gel was blotted and hybridized with labeled pGTR130 (Fig. 4
lanes 5-7), a probe specific for the virulence region of pSLT. This result showed
that S1 nuclease converted the plasmid into a full-length linear molecule under
defined conditions (16, 17). In this state, the size of the plasmid was determined
readily by comparison with linear DNA markers after PFGE.
2.

Size Determinations of F' Plasmids
The F plasmid of Escherichia coli and four F' derivatives, carrying various

amounts of genomic DNA, provided a second test of the method. Before this
study, the sizes of F' plasmids were usually estimated indirectly from the
chromosomal markers that they carry and the locations of those genes on the
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Figure 4. Effect of S1 nuclease digestion on the pulsed-field electrophoretic
mobility of a large plasmid. Salmonella typhimurium cells harboring pSLT, a
90 kb plasmid, were embedded in agarose, lysed, and electrophoresed under
pulsed-field conditions (lane 2), as described under Materials and Methods.
Another sample was treated with S1 nuclease before electrophoresis (lane 3).
A third sample was digested with restriction enzyme AvrW, which cuts the
plasmid only once, but cleaves the bacterial genome at least 7 times'(lane 4).
Following electrophoresis, staining, and photography, the gel was blotted to a
Hybond-N membrane and hybridized with a 32P-labeled probe specific for pSLT
to locate plasmid bands. The autoradiograph shown in lanes 5-7 corresponds to
lanes 2-4 of the gel. Lane 1 contains X concatemer markers with the sizes of
representative bands (in kb) shown on the left.
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E. coli genomic map. Figure 5 shows pairs of cellular DNA samples from five
E. coli strains after PFGE. The first of each pair was without S1 treatment; the
second was digested with S1 nuclease. Without S1 digestion, total DNA from a
strain that carried the unmodified F plasmid produced a single band that
migrated slowly, corresponding to a 570 kb linear marker (Fig. 5, lane 4).
S1-treated DNA from the same cells produced a band at 95 kb (Fig. 5, arrow in
lane 5), in good agreement with the known size of F. The sizes of four
F' plasmids determined from their PFGE mobilities after S1 digestion (Fig. 5
arrows indicating bands at 188, 323, 493 and 609 kb) also agreed well with
estimates based upon their genetic marker content (18). Conversely, the
mobilities of bands that appeared in samples without S1 treatment were not
readily interpreted. No bands were observed in either S1-treated or untreated
samples of DNA from CSH50, an isogenic strain of E. co// without F-related
plasmids.
3.

Size Determination of Agrobacterium and Pseudomonas Plasmids
To demonstrate the general utility of this method, we examined large

plasmids in bacteria from several other genera. The 201 and 543 kb plasmids
that we detected in Agrobacterium tumefaciens C58 after S1-PFGE (Fig. 6
lane 3), correlated well with earlier observations of a 203 kb plasmid pTiC58
(19), and a plasmid larger than 400 kb, designated pAtC58 (Cooksey, personal
communication). Agrobacterium radiobacter K84 is reported to contain three
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Figure 5. Mobility of Escherichia coli F and F' plasmids in pulsed-field gels after
S1 digestion. Cells of E. coli strains carrying F-derived plasmids of various sizes
were embedded in agarose, lysed and electrophoresed under pulsed-field
conditions. Two lanes of DNA from each E. coli strain are shown. The first in
each pair (even-numbered lanes 2-12) was not exposed to S1 nuclease, while
the second member of each pair (odd-numbered lanes 3-13) was incubated with
S1 nuclease before electrophoresis, as describe under Materials and Methods.
The arrow in lane 5 identifies a band migrating at 95 kb, corresponding to the
size of the F plasmid. Arrows indicate bands at 188 (lane 7), 323 (lane 9)
493 (lane 11) and 609 kb (lane 13) that correspond to the sizes of various
F' plasmids determined from their marker content. Lanes 2 and 3 show samples
of DNA from E. coli CSFI50 that contains no plasmids. Lanes 1 and 14 contain
7 concatemers.
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Figure 6. Mobility of large plasmids from several bacterial species in
pulsed-field gels after S1 digestion. Two lanes of total cellular DNA from each
source organism are shown. The first in each pair was not exposed to
S1 nuclease, while the second was incubated with the enzyme before
electrophoresis. The sources of DNA were Agrobacterium tumefaciens C58
(lanes 2 and 3), A. radiobacter K84 (lanes 4 and 5), Pseudomonas syringae pv.
tomato (lanes 6 and 7), Klebsiella pneumoniae clinical isolate (lanes 8 and 9),
K. pneumoniae MirA12 (lanes 10 and 11), and Staphylococcus aureus AZ153
(lanes 12 and 13). Lanes 1,12 and 15 show X concatemer markers.

91
plasmids: pAgK84 at 47.6 kb, pAt84 at 192 kb (20), and a cryptic plasmid of
about 430 kb (21). S1 -PFGE analysis revealed four molecular species of 44, 46
161 and 380 kb (Fig. 6, lane 5). The largest of four plasmids in Pseudomonas
syringae pv. tomato migrated at 91 kb after S1-PFGE (Fig. 6, lane 7), correlating
well with the previous estimate of 100 kb (22; Cooksey, personal
communication). By contrast, the SC forms of this plasmid and three smaller
molecules, moved at rates comparable to linear markers of 400 to 550 kb when
observed without S1 treatment (Fig. 6, lane 6).
4.

Detection of New Megaplasmids
Since this technique enabled us to detect and size megaplasmids without

purification, plasmid-specific probes, or restriction enzymes specifically chosen
for each plasmid, we were able to use it to screen bacterial strains that were not
previously known to contain large plasmids. A laboratory strain of Klebsiella
pneumoniae MirA12 was found to contain a previously undetected 138 kb
plasmid (Fig. 6, lane 11). Furthermore, both of the clinical isolates of
K. pneumoniae that we examined harbored megaplasmids; one showed at least
four extrachromosomal molecules estimated to be 51, 60, 102 and 244 kb
(Fig. 6, lane 9) after S1-PFGE.
Among 25 clinical isolates of S. epidermldis and methicillin-resistant
S. aureus that are known to harbor many plasmids under 35 kb, we found
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5 distinct molecules with sizes between 248 and 316 kb in 10 strains. As one
example, a strain carrying several smaller plasmids that were characterized
earlier (23), was shown to harbor a previously unidentified plasmid that migrated
with a 600 kb marker before S1 treatment, but at 316 kb after linearization with
S1 (Fig. 6, lane 14). We attempted to purify these S. aureus megaplasmids
using several different liquid-phase extraction techniques designed for large
plasmids, but we were repeatedly unable to obtain a quantity, free of
chromosomal DNA fragments and other plasmids, that could be visualized as a
band in an ethidium-stained gel. We were occasionally successful in obtaining a
few nanograms of the DNA after two sequential cycles of PFGE.
E.

Discussion
Megaplasmids (those greater than 100 kb in size) are likely to be much

more common among bacteria than is currently believed. This prediction is
based upon their sometimes poor recovery in plasmid DNA extracts obtained by
many popular methods, and the difficulties of observing them in standard
electrophoretic gels. The situation is doubly significant in that megaplasmids
can represent 10 to 20% of the genetic material, and the genes that they carry
code for unique and interesting bacterial traits. The potential contribution of
megaplasmids to bacterial genomic polymorphism, horizontal genetic transfer,
and plasmid evolution may be substantial. Consequently, a practical technique
for detecting and sizing these molecules would be very useful.
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Ideally the task should be accomplished simply, minimizing extraction and
purification steps, and avoiding a need for knowledge of the plasmid's size, its
susceptibility to various restriction enzymes, or a need for special detection
reagents or DNA probes. The method we describe attempts to satisfy these
criteria. We enzymatically converted plasmids to linear DNA forms that can be
sorted by molecular weight using gel electrophoresis. PFGE was necessary
because megaplasmids fall beyond the sorting range of conventional gel
electrophoresis. We adapted rapid methods for immobilizing and processing the
cells, so that the analysis can be completed in less than two and one-half days
including a 20 h PFGE run.
S1 nuclease is well suited for this application because of its general
applicability and its highly selective action. Use of a restriction endonuclease
by contrast, requires previous identification of an enzyme that will cut the
plasmid at one or a few sites (10). One restriction enzyme, however, cannot be
expected to cleave all plasmids appropriately. Furthermore, restriction enzymes
generate fragments from genomic DNA that may make it difficult to determine if a
large uncharacterized plasmid is present, or they may obscure a plasmid band
when one is known to be present. In both circumstances, additional steps are
required to identify the plasmid DNA.
Other methods for converting plasmids into their linear forms include
limited cleavage with nonspecific nucleases (e.g., DNase I), limited cleavage
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with a frequent-cutting restriction enzyme (e.g., in the presence of ethidium
bromide), or with some other DNA cleavage reagent (e.g., ionizing radiation)
However, these agents are not self-limiting, and breakage is stochastic. The
extent of action must be precisely controlled to prevent multiple cleavages and
the reagent must be adjusted to generate the appropriate number of breaks for
plasmids of different sizes. Furthermore, an optimal treatment would convert
only e'1 (-37%) of the molecules into linears; an equal number would remain
supercoiled, and 24% would be broken into multiple fragments. Finally, a dose
designed to cleave a 200 kb plasmid once, would cut a typical bacterial genome
about 20 times. This would release a smear of variable fragments likely to
obscure the band representing the linear form of a single-copy plasmid.
Additional manipulations, like hybridization with a plasmid-specific probe, must
then be used to visualize the plasmid band (24).
S1 nuclease is unique in that it is effective on any SC plasmid, has a
self-limiting action, and makes few cleavages in chromosomal DNA. These
features are consequences of its specificity for unpaired nucleic acids. In
negatively superhelical plasmids, transiently denatured regions sensitive to S1
action occur as a result of torsional stress in the molecule (17). After one strand
is cut, S1 can cleave the intact strand opposite the initial break due to
’breathing" of ends at the nick where the cooperativity of base-pairing is
diminished (17). Under these conditions, the enzyme has little subsequent
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activity on linear, double-stranded DNA (16). S1 probably cuts supercoiled
domains in genomic DNA, but the cleavages are sufficiently infrequent to
produce relatively few fragments. Consequently, linearized, single-copy
plasmids are detectible after electrophoresis as bands in a faint genomic
background.
S1 may not quantitatively convert plasmids to their linear forms. This is
evident from the results with the S. typhimurium plasmid pSLT (Fig. 4). A probe
detected a quantity of the plasmid in the sample well after S1 digestion and
electrophoresis, presumably as nicked, open-circular DNA. AvrW digestion, by
contrast, converted essentially all of the plasmid to molecules that migrated to
the 89 kb position. Though an increase in the concentration of S1 improved the
efficiency of linearization, it also raised the background of genomic DNA in the
lane. We have found the current procedure to be entirely adequate since it
reproducibly detected single-copy plasmid bands over a wide range of plasmid
sizes and of DNA concentrations in the plugs.
Some DNA preparations displayed linear plasmid forms without S1
treatment. This may represent their natural state in cells, it may be a
consequence of sample preparation, or some combination of the two. The
observation that the relative amounts of linear and SC forms in plasmid
populations from Rhodobacter sphaeroides are related to the age of the culture
(8), suggests the first interpretation. Our results also indicate a relationship
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between the size of the plasmid and the appearance of linear forms; the linear
fraction increased for plasmids greater than 500 kb (Fig. 5). Similarly, linear
forms of the 700 to 1500 kb plasmids from Rhizobium meliloti are reported to
appear prominently in DNA preparations (1). These observations are consistent
with the greater susceptibility of large plasmids to shear forces.
DNA bands that appear after PFGE without S1 digestion are not reliable
guides to the sizes of plasmids due to the complex mobility of SC forms, and the
variable appearance of both linear and SC forms of the same plasmids. Large
supercoiled plasmids migrated much more slowly than their corresponding linear
forms in PFGE, but showed no simple relationship to linear markers in the same
gels. We suspect that their mobility is affected by minor variations in the
conditions of electrophoresis, and by the superhelical density of the plasmid (7).
The SC forms of the largest plasmids in our samples (400-600 kb) were often not
visible in the gels. They migrated close to the "compression zone" (5), a position
near the top of the gel where linear molecules greater than a certain size fail to
separate from each other. There seems not to be an adequate model for the
behavior of SC molecules in PFGE, or for the immobility of open circular
molecules (6, 25, 7).
The power of the S1-PFGE method is demonstrated by the fact that it can
be used to survey a number of strains for megaplasmids rapidly. We inspected
25 strains in a collection of methicillin-resistant S. aureus and S. epidermidis
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from which we had isolated numerous smaller plasmids earlier (23). These
strains had been examined many times using several popular methods for
plasmid DNA isolation (26). Conventional electrophoresis of these DNA extracts
gave no evidence for megaplasmids. Indeed, the largest staphylococcal
plasmids sized by reliable methods are about 60 kb (27, 28, 29).

(Reports of

larger molecules are questionable when they are based only on the mobility of
supercoiled forms in conventional electrophoresis.) Unexpectedly, we found
megaplasmids in many the strains that we examined by S1-PFGE. Preliminary
evidence indicates that these molecules are transmitted by conjugation.
F.
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CHAPTER FOUR
MECHANISMS OF GENOMIC CHANGE IN Staphylococcus aureus

A.

Introduction
The stability of genome structure and composition varies among bacteria.

For example, the gene order among enteric gram-negative organisms
(e.g., Escherichia coli, and Salmonella typhimurium) is highly conserved unlike
the genome structure among other gram-negatives. Enterics with rearranged
genomes can be detected in culture, but they are often less fit than their
prototypical ancestors (62). S. typhi clinical strains, on the other hand, show
large genomic rearrangements (96). It is not known how the rigid constraints on
chromosomal structure were relaxed in this enteric pathogen.
Naturally transformable organisms (e.g., Azotobacter vinelandii, Bacillus
subtilis, Haemophilus influenzae, Neisseria gonorrhoeae (129), N. meningitidis,
and Streptococcus pneumoniae) show greater variability than the enterics (98).
To a varying extent, the lineages of these organisms are obscured by the
incorporation of DNA from other bacteria producing mosaic genomes.
Therefore, their populations are usually panmictic (having a nearly random
association between loci) rather than clonal (166). There are exceptions to this
generalization (e.g., the apparent clonality of N. meningitidis) that are relevant to
the topic of S. aureus diversity and will be explored in Chapter 5: General
Summary and Discussion. Although S. aureus has been characterized by some
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investigators as naturally transformable, its transformation efficiency is much
lower than the organisms listed above leading others to consider it a
nontransformable species (38, 98, 148).
Homologous recombination of transformed DMA results in gene fusion or
gene conversion in these organisms instead of large-scale chromosomal
rearrangements as in S. typhi. (In B. subtilis, the average size of incorporated
DMA is 8.5 kb [98].) Examples of gene fusion include the mecA gene and other
hybrid penicillin-binding protein (PBP) genes found in N. meningitidis and
S. pneumoniae (38, 168). A portion of the mecA gene may have originated in a
gram-negative organism (55, 168). Natural transformation and recombination
appear to be responsible for the creation of low-affinity PBPs as well as for their
horizontal distribution. The mecA gene may have been transferred to
staphylococci by a mechanism other than transformation such as conjugation or
transduction.
S. aureus is considered to be less genetically diverse than coagulasenegative staphylococcal species such as S. epidermidis (125). When compared
with a panmictic species such as N. gonorrhoeae, it is clearly closer to the clonal
end of the spectrum (121, 129). Yet, S. atyreas strains have widely different
characteristics such as their ability to spread among hospitalized patients
elaborate certain toxins, and resist different antibiotics. A variety of mechanisms
have generated the genetic diversity that underlies these differences.
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Transduction, plasmid conjugation and possibly transformation have introduced
DNA encoding new traits into the S. aureus genome. Homologous
recombination, point mutations and the action of transposable elements have
influenced its chromosomal structure.
Two types of genomic change in MRSA are examined in this chapter:
deletions in the mec region and bacteriophage lysogeny. In one experiment, a
clinical MRSA isolate was grown serially for 29 days in broth culture.
Macrorestriction analysis of clones obtained from the last culture in the series
showed that deletions of chromosomal DNA including the mecA gene had
occurred in more than 90% of the cells. In another experiment, phage from
clinical MRSA isolates were induced, propagated and purified, and their DNA
was isolated. The sizes of two phage genomes were determined. The
chromosomally integrated phage were then localized to specific Sma\ genomic
fragments showing their contribution to macrorestriction fragment length
polymorphisms in S. aureus. In addition to the phage-associated
polymorphisms, fragment differences among six isolates with similar genomic
digestion patterns were characterized using probes for mecA, Tn554, rRNA
operons and a Sma\ band-specific probe.
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B.

Methods

1.

Serial Culture of MRSA Isolate AZ144
MRSA clinical isolate AZ144 (GP19) was selected for serial propagation

in broth culture. GP19 belongs to a group of eight isolates in our collection that
have genomic patterns related to NCTC 8325. An isolated colony was taken
from a trypticase soy agar (TSA) plate that had been streaked with the original
frozen stock culture of isolate AZ144 maintained at -80°C. The colony was
inoculated into 10 ml of trypticase soy broth (TSB) and grown overnight at 37°C.
A flask (F1) with 100 ml of TSB was inoculated with 100 pi of the overnight
culture and incubated with shaking at 37°C. Cells were removed every 30 min
for counting with a Petroff Hausser cytometer and to obtain optical density
readings at 550 nm (OD550) with a Beckman DU-8 spectrophotometer. The data
was plotted using the Cricket Graph program running on a Macintosh computer.
After eight hours of growth, the cells reached late log phase. A 900-pl
sample was removed from flask F1, mixed with about 500 pi of sterile glycerol,
placed in a 1.5 ml screw cap tube, and stored at -SOX. Subsequent flasks with
100 ml TSB were inoculated serially with 100 pi from the previous culture and
grown with shaking at 37°C. On most days three cultures were grown serially,
the first two incubated for about 6 h each and the third incubated overnight
(about 12 h). A 900 pi sample was removed from one culture each day, mixed
with about 500 pi sterile glycerol and stored at -SOX. The series of 83 cultures
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was completed in 29 days. A total of 30 frozen samples were taken from
cultures in the sequence: F1, F2, F4, F7, F8, F11, F14, F17, F24, F26, F29
F32, F34, F37, F40, F43, F46, F49, F52, F55, F58, F61, F64, F67, F70, F73
F76, F79, F82, and F83.
One loop of culture from the endpoint flask, F83, was streaked on a TSA
plate and incubated overnight at 37°C. Fourteen single colonies were selected
and separately inoculated into separate tubes with 5 ml of TSB and grown
overnight at 37°C; another tube was inoculated with a loopful of the original
frozen stock of isolate AZ144 used to start the serial culture experiment.
Samples of the fourteen isolates and the original AZ144 isolate were prepared
for storage by mixing 300 pi of the overnight cultures with 100 pi of sterile
glycerol and placing them in a -SOX freezer. The isolates were labeled
AZ144-1 (the original isolate AZ144) and AZ144-2 through AZ144-15
(the 14 selected endpoint isolates). AZ144-1 will be referred to as AZ144.
Fifteen tubes with 10 ml of TSB were inoculated with 500 pi of the overnight
cultures and grown to an OD510 between 0.6 and 0.7. Agarose gel plugs
containing the genomic DNA of these samples were prepared. Sma\ digestion
fragment separation by PFGE, and gel image analysis were conducted
according to the procedures in Chapter 2, page 45. Plugs with a higher
concentration of DNA were prepared, and the presence of large plasmids in
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each of the samples was determined by the S1 -PFGE method as described in
Chapter 3, page 81.
Samples from frozen cultures of isolate AZ144 and the fourteen single
endpoint colonies were spread on TSA plates containing 0.5 pg/ml, 1 pg/ml
2 pg/ml, 4 pg/ml, 8 pg/ml, and 10 pg/ml of methicillin. The methicillin sensitive
strain, RN4220, was tested as a negative control. The plates were incubated at
37°C for 48 h and scored according to the degree of growth. Next, the relative
abundance of methicillin-sensitive cells appearing in the serial culture was
determined. This was done by spreading samples from the frozen stocks
AZ144, F4, F11, F17, F24, F34, F43, F46, F52, F58, F64, F70, and F83 on
Mueller-Hinton agar plates containing 4% NaCI with or without methicillin
(16 pg/ml) or oxacillin (4 pg/ml). The plates were incubated at 350C for
24 to 48 h. The percentage of resistant cells was calculated by dividing the titer
of a plate with methicillin or oxacillin by the titer of the corresponding plate
without antibiotics. In Figure 8, the percentage of resistant cells was plotted
versus time.
2.

Phage Characterization
a.

Phage Induction

Lysogenic phage from clinical S. aureus isolates AZ149 and AZ162 were
characterized using a modified phage induction procedure (John J. landolo
personal communication). Isolates AZ139, AZ144, AZ149, AZ153, AZ162
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AZ242 and strain RN4220 were incubated overnight at 37°C in 10 ml of
trypticase soy broth (TSB). For the preparation of indicator cultures and cells for
induction, one ml of overnight culture was added to 10 ml of TSB and incubated
at 37°C with shaking until an OD 510 of 0.6 to 0.8 was reached. For phage
induction, mitomycin C was added to a final concentration of 0.3 pg/ml and
incubation was continued for 3 h at 37°C in the dark with shaking. Visible
clearing caused by phage induced lysis was not observed. The cultures were
stored overnight at 4°C, and the cell debris was then pelleted at 10,000 rpm for
10 min in an SS34 rotor (1,200 x g in a Sorvall RC-5 centrifuge). The
supernatant containing released bacteriophage was stored at 4°C but was not
filter sterilized to avoid absorption of phage to the filter.
b.

Phage Isolation

Single, well separated bacteriophage plaques in an agar overlay were
isolated by the following method. 200 pi of fresh indicator culture was mixed
with 3 ml of 0.7% top agar containing 10 mM MgS04 maintained at 48°C in a
heating block. Minimizing the top agar temperature gave the best results.
(S. aureus RN4220 was susceptible to the broadest range of phages, but some
clinical isolates were also used as tester cultures.) Immediately after mixing the
cells with the agar, 100 pi of undiluted phage supernatant or 100 pi of various
phage dilutions (1:10, 1:100 and 1:1000) were separately added, mixed and
poured quickly onto 1.5% trypticase soy agar plates. Higher dilutions of culture
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supernatants were necessary to obtain separated plaques for titering and
picking. For determining the phage susceptibility patterns shown in Table 5,
10 pi of undiluted phage supernatant was used. Plates were incubated at 37°C
overnight and the plaques were counted to determine the titers. Single plaques
were picked with sterile capillary tubes and placed in 1 ml of phage buffer
(1 mM MgS04, 4 mM CaCI2, 50 mM Tris-OH [pH 7.8], 100 mM NaCI
1.0 g/L gelatin). If phage are unstable when stored in this buffer, we used a
modified phage buffer that contained 0.5 mM EDTA in place of the magnesium
and calcium salts. The plaques were refrigerated overnight at 4°C to permit
phage particles to diffuse out of the agar plug. Typically, the titers from
individual plaques ranged from 3 x 103 to 3 x 105 PFU/ml. Because phage
induced from isolates AZ149 and AZ162 produced mixtures of hazy and clear
plaques, two more rounds of plating and picking plaques were conducted to
purify each phage type. However, DMA from clear and hazy plaque phage types
were indistinguishable by restriction endonuclease analysis.
c.

Phage DNA Preparation

Phage were prepared using a plate lysate method. Precipitation of phage
particles with polyethylene glycol 8000 (PEG 8000) was followed by phenol
extraction and ethanol precipitation of phage DNA according to a published
protocol (28). Plate lysates generally yield a higher titer of phage than liquid
culture lysates (176). Titers ranging from 1 x 109to 6 x 109 PFU/ml were
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obtained. Plate lysates were prepared by mixing 200 pi of RN4220 grown to late
log phase with 3 ml of 0.3% top agarose containing 10mM MgS04 maintained at
48°C in a heating block. Phage from isolate AZ149 or AZ162 (107 PFU) was
mixed with the top agarose and cells, and this mixture was immediately poured
onto 1.5% trypticase soy agarose plates. SeaKem GTG agarose
(FMC Bioproducts) was used for plate lysates because it lacks the agar
contaminants that can inhibit restriction endonuclease activity in later steps. The
plates were incubated for 7 h at 37°C or until confluent lysis occurred.

The top

agarose was scraped off into centrifuge tubes, and 14 ml of phage buffer was
added. The bottom agarose surface of the scraped plates was flooded with
2 ml of phage buffer, allowed to stand for a few minutes and then poured into the
centrifuge tubes. Phage were allowed to diffuse out of the agarose and into the
buffer overnight at 4°C. The agarose was pelleted for 10 min in an SS34 rotor at
15,000 rpm (27,000 x g). The supernatants were carefully poured into a second
set of centrifuge tubes and residual agarose was pelleted as before. The
supernatants were transferred to a third set of tubes, and the volumes were
adjusted to 18 ml with phage buffer. This solution was stored at 4°C. DNase I
(Sigma D-4263) was added to the solution giving a final concentration of
17 pg/ml. The solution was mixed and incubated for 15 min at room temperature
(22°C).
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To concentrate the phage, 1.8 ml of 5 M NaCI and 2 g of solid PEG 8000
were thoroughly mixed into the solution which was then placed on ice for 15 min.
The precipitated phage were pelleted in an HB-4 swinging bucket rotor for
10 min at 8,000 rpm (10,000 x g), the supernatant was discarded, and the pellet
was resuspended in 300 pi of phage buffer. Extraction of the phage solution
with 300 pi of chloroform was done twice to remove the PEG 8000. The
aqueous phase containing the phage was placed in a fresh tube, and 350 pi of
buffer-saturated phenol was added. The solution was immediately mixed with a
vortex mixer. Next, 15 pi of 0.5 M EDTA and 30 pi of 5 M NaCI was mixed with
the solution for 10 sec. The aqueous phase was separated from the phenol by
microcentrifugation for 2 min at room temperature. The aqueous phase was
extracted with 350 pi of chloroform in a fresh tube by mixing with a vortex mixer
and resolving the phases by microcentrifugation as before.
The nucleic acids present in the aqueous phase were precipitated in a
fresh tube by adding 900 pi of ethanol, mixing, and placing the solution on ice for
10 min. The precipitated DNA was pelleted by microcentrifugation for 10 min at
4°C. The supernatant was discarded and the pellet was resuspended in 400 pi
of RNase buffer (300 mM NaCI, 20 mM Tris-CI [pH 7.4], 1mM EDTA). RNase A
(Sigma R-4875) was added to a final concentration of 0.123 pg/pl. The DNA
solution was incubated at 37°C for 15 min and then extracted with 400 pi of
buffer saturated phenol. The recovered aqueous phase was extracted with
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400 pi of chloroform. An important modification to the published method was
made by adding 40 pi of 3 M sodium acetate (pH 7.0) to the aqueous solution
after chloroform extraction to improve DMA precipitation. The DMA was
precipitated by adding 1 ml of ethanol and incubating on ice for 10 min. The
pellet was recovered by microcentrifugation for 10 min at 4°C. The pellet was
washed with 80% cold ethanol, recovered by microcentrifugation for 2 min and
dried. The DMA was resuspended in 20 pi of water. For samples with very high
yields, the DMA was resuspended in 120 pi of water with incubation at 55°C for
1 hr.
d.

Phage DNA Analysis

Phage genome sizes were determined by digesting their DNA with EcoRI
HindlU or Pst\ in the restriction buffer recommended by the supplier (New
England Biolabs). The DNA fragments were separated by conventional
electrophoresis in a 10 X 15 cm 0.8% SeaKem agarose gel (FMC Bioproducts)
prepared in 1X TBE buffer (90 mM Tris-OH [pH 8.0], 90 mM boric acid
2 mM EDTA) and run in a BioMax MR 1015 apparatus at 140 V for 1.5 h. Low
range lambda ladder (New England Biolabs) and 1-kb DNA ladder (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.) were used as markers. A
photographic negative of an ethidium stained gel was scanned, and Biolmage
software was used to determine the sizes of the fragments. The EcoRI, HincMU
and Pst\ fragments were summed, and the average genome sizes were
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calculated. Sma\ digestion of both phage was conducted to determine if they
carried this restriction site.
e.

Hybridization with Phage and Other Probes

PFGE was used to separate SgrAI and Sma\ genomic fragments of
isolates AZ144 (GP19), AZ139 (GP20), AZ153 (GP21), AZ149 (GP22), AZ162
(GP39), and AZ242 (GP50) according to the conditions given in Chapter 2,
pages 45 and 46. The Sma\ fragments were transferred to a Hybond™N+ nylon
membrane (Amersham) and sequentially probed with 32P-labeled phage DNA.
Other probes were used to investigate band polymorphisms not involving phage.
The additional probes were specific for mecA, Tn554, rRNA operons and for the
264 kb Sma\ band of isolate AZ144. The mecA and Tn554 probes, described in
Chapter 2, page 47, were obtained from Barry Kreiswirth, Public Health
Research Inst., New York, NY. Clone 7S is a 3.6 kb BamH\/Xma\ fragment
containing a portion of the 23S rRNA gene from isolate AZ144. Clone 4F is a
1.4 kb BamHI fragment cloned from the 264 kb Sma\ fragment of isolate AZ144
Both 7S and 4F were isolated in this laboratory. After hybridization, the
membrane was washed (conditions given in Chapter 2, pages 48 and 49).
Autoradiographs were produced by exposing Kodak X-OMAT AR film for
12 to 48 h at -80°C with Kodak X-OMATIC intensifying screens.
S. aureus strains 8325 and 8325-4 were supplied by John J. landolo
Kansas State University, Manhattan, KS. The restriction-deficient strain,

112
RN4220, is 8325-4 r (9, 77). Their SgrA\ and/or Sma\ genomic patterns were
analyzed using the digestion and PFGE conditions given in Chapter 2
pages 45 and 46.
C.

Results and Discussion

1.

MRSA Genomic Change in Serial Culture
MRSA isolate AZ144 was serially propagated in 83 steps by growth in

100 ml volumes of TSB medium over a period of 29 days. After each culture had
grown 6 to 12 h, 100 pi was used to inoculate the next flask in the series.
Usually, three flasks were inoculated and one sample was frozen per day.
The growth rate of the original organism, AZ144, was determined by
periodically measuring the cell concentration and optical density of the first flask
in the series (Table 3). A graph of the cell concentration is shown in Fig. 7A.
The generation time was calculated from the optical density readings taken
between 120 and 300 min after inoculation (Fig. 7B). A 42 min generation time
was obtained from the equation of that portion of the curve:

l°g(y) - -2.1 +(7.1 x 10'3)x.
The total number of cell doublings that occurred during the 29-day series
can be estimated in two ways. An upper estimate is obtained by making the
assumption that the cultures were in exponential growth for the entire period.
With a generation time of 42 min this calculation produces an estimate of
994 generations (29 days - 42 min/generation). Alternatively, the dilution factor
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Minutes

Cells/ml

OD 550

30

ND

0.029

60

ND

0.033

90

ND

0.040

120

ND

0.053

150

ND

0.083

180

1.39 x 107

0.139

210

3.51 x 107

0.238

240

5.93 x 107

0.388

270

1.39x 10 8

0.618

300

3.40 x 10 8

0.954

330

5.58 x 10 8

1.299

360

1.10 x 109

1.676

390

1.49 x 109

1.966

420

2.55 x 109

2.158

450

3.05 x 109

2.268

480

ND

2.365

Table 3. Isolate AZ144 cell concentrations and optical densities recorded at
30 min intervals after inoculation. Not determined (ND).
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of the inoculum can be used to obtain an estimate, if it is assumed that all the
cultures reached stationary phase. The 1:1000 dilution factor allowed about
10 generations (log21000) per flask for a total of 830 generations.
The 994 generations figure is an overestimation because cells grown
overnight (about 12 h) were not in log phase continuously. The 830 generations
value is also an overestimation because cells grown during the day (2 flasks, for
about 6 h each) produced less than 10 generations per flask. Assuming it takes
7 h to complete 10 generations (10 generations x 42 min/generation), about
2.8 fewer generations occurred per day had the three flasks been inoculated at
regular 8 h intervals. This abbreviated growth happened during the last 25 days
of the experiment and resulted in about 70 fewer generations giving an
estimated total of 760 generations. Therefore, serial inoculation
(1:1000 dilution) at 7 h intervals approximates the continuous log-phase growth
that would occur in a chemostat and also avoids the problems of cell clumping
and blockage of outlet ports encountered in chemostats. (Our attempts to
maintain a continuous culture in a chemostat are not included in this
dissertation.) The serial transfer process selects cells that have not adhered to
the wall of the flask, but chemostat conditions select cells that remain adhered to
its chamber walls. Both methods would be expected to favor rapidly dividing
cells over those with longer generation times.
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The percentage of methicillin- or oxacillin-resistant cells in the serial
culture was determined at about three-day intervals (Table 4). The percentage
gradually declined from about 100% to less than 10% during the first 25 days
and further declined to less than 1% by the last day (Fig. 8).
At the antibiotic concentrations used, resistance to oxacillin and
methicillin are comparable (56, 153). However, oxacillin concentrations may
have varied from plate to plate possibly generating the fluctuations seen in the
first half of the graph. Replica plates would have provided more accurate data.
If the oxacillin data are excluded, the loss of methicillin resistance appears to be
more abrupt (79% MRSA on day 16 decreasing to 5% on day 21). This would
imply that the loss of methicillin resistance (correlated with the loss of the mecA
gene) conferred a substantial growth advantage on methicillin-sensitive
derivatives which quickly overgrew methicillin-resistant cells. Others have
shown that, after several weeks of subculturing MRSA, sensitive variants arose
and increased rapidly with time (51).
A sample from the final culture was streaked on a TSA plate, and
14 individual colonies were selected. Their Sma\ genomic patterns are
represented in Fig. 9. The pulsed-field gel included the founding strain, isolate
AZ144 (GP19), for comparison. After 83 passages, only clone AZ144-2 retained
the GP19 pattern and showed some resistance to methicillin. However, it
showed a reduced ability to grow on plates with 4 pg/ml of methicillin relative to
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Sample
(flask no.)

Time (days)

Mcr or Oxr Cell
Titer (cells/ml)

Total Cell
Titer
(cells/ml)

%MRSA

Isolate 144

0

4.5 x 108 Oxr

5.5 x 10 8

82

F4

2

1.8 x108 Oxr

1.2x 10 8

150

F11

5

4.3 x109 Oxr

5.6 x 109

77

F17

7

3.5 x 109 Oxr

3.9 x 109

90

F24

9

2.3 x 108 Oxr

3.8 x 10 8

61

F34

13

2.1 x 107 Oxr

2.0 x 107

105

F43

16

3.1 x 107 Mcr

3.9 x 107

79

F46

17

1.7 x 107 Mcr

3.1 x 107

55

F52

19

9.2 x 107 Mcr

4.4x 10 8

21

F58

21

7.0 x 105 Mcr

1.3 x 107

5

F64

23

1.5 x 106 Mcr

3.5 x 107

4

F70

25

1.1 x 106 Mcr

3.Ox 10 7

4

F83

29

3.2 x 104 Mcr

6.8 x 106

0.5

Table 4. Percentage of methicillin-resistant (Mcr) or oxacillin-resistant (Oxr) cells
(%MRSA) in the serial culture listed by flask number (F) and the day from which
the samples were taken. Isolate AZ144 is the original clinical MRSA sample
used to begin the serial culture.
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Figure 8. The loss of methicillin resistance during serial culture of MRSA isolate
AZ144. The graph shows the percentage of MRSA cells in the serial culture
plotted versus time.
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Figure 10. A gel representation of NCTC 8325-like clinical isolates annotated to
show Sma\ bands that hybridized with probes specific for mecA, M; Tn554, T;
the 264 kb band of GP19, E; a phage recovered from isolate AZ149, $149; and
a phage from isolate AZ162, $162. Comigrating fragments (C) were detected in
all isolates. An rRNA operon-specific probe hybridized with the indicated S/7?al
fragments (*). It hybridized with one or both of the Sma\ fragments in the
25 to 30 kb range. Some bands showed a more intense hybridization signal with
the rRNA probe (**). The mecA probe did not hybridize with any GP20 band.
Tn554 did not hybridize with the 176 kb band of GP20. Either the mec region
elements, mecA and Tn554, have been deleted from the GP20 genome
producing the 176 kb comigrating band, or the mec region was never present in
this MSSA strain that closely resembles the five other MRSA isolates. Lanes are
designated by isolate number and genomic pattern (GP) number. Methicillin
resistant (Mcr) and methicillin sensitive (Mcs) isolates are identified. A low-range
lambda-ladder marker was used to accurately determine the sizes of bands
below 48.5 kb. The GP19 band sizes are: 616, 371, 324, 281, 264, 223, 171,
131, 110, 78, 61,47, 29, 25, 20 and 11 kb.
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AZ144, but it still produced some colonies on plates with 10 pg/ml methicillin
(a heteroresistant trait). All the other endpoint isolates and an MSSA control
strain (RN4220) were sensitive to 4 pg/ml methicillin.
Variable expression of methicillin resistance, known as heteroresistance
is a complex trait exhibited by most MRSA strains. Heteroresistant strains can
be misclassified as being sensitive to methicillin (32, 43, 151). Special culture
conditions (increased salt concentration and decreased temperature) should be
used to reliably identify MRSA (21). We used the agar screen method (the most
sensitive method) for detecting heteroresistant MRSA by spreading a broth
culture inoculum (at least 104 CFU) onto Mueller-Hinton agar containing
4% NaCI and either 16 pg/ml methicillin or 4 pg/ml oxacillin. The plates were
incubated for 24 to 48 h at 35°C; any growth indicated resistance (56, 153).
Others have reported resistance when growth occurs on plates with
12.5 pg/ml methicillin (150).
Isolate AZ144 expressed high-level resistance to methicillin, but clone
AZ144-2 exhibited heteroresistant growth characteristics (151). Some members
of highly resistant subpopulations of heteroresistant MRSA can revert to the
heteroresistant phenotype when subcultured in antibiotic-free medium (32).
Presumably, the MRSA causing the clinical infection from which AZ144 was
isolated was heteroresistant, isolate AZ144 was selected from its highly resistant
subpopulation, and AZ144-2, having been serially cultured, is a heteroresistant
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revertant. When AZ144-2 was streaked on 10 (jg/ml methicillin plates, the few
colonies that grew represented the highly resistant subpopulation of this
revertant.
The mechanism of heteroresistance is not the same as the mechanism of
mecA induction in strains that contain either the chromosomal regulatory
element mecR1-mecl or the similar p-lactamase plasmid regulatory genes
blaR1-blal. The molecular basis for heteroresistance is not fully understood, but
it probably involves a chromosomal locus or loci that are not associated with
fern genes. One or more of these loci may be mutated in highly resistant
subclones of heteroresistant strains (151). Besides the four fern genes, at least
10 additional determinants are essential for expression of high-level methicillin
resistance (33).
The S1-PFGE method revealed the presence of a 320 kb plasmid in
isolate AZ144. Eight of the 14 endpoint isolates also contained large plasmids
in the 300 kb size range. Their sizes are AZ144-3, 320 kb; AZ144-5, 325 kb;
AZ144-6, 302 kb; AZ144-7 305 kb; AZ144-8, 314 kb; AZ144-13, 307 kb;
AZ144-15, 320 kb. The size differences may not be significant, and the
remaining endpoint isolates may also contain large plasmids that were not
visualized due to excessive degradation by S1 nuclease. All NCTC 8325-like
clinical isolates have large plasmids except isolate AZ242 (GP50) and
NCTC 8325 itself (referred to hereafter as 8325).
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The S1-PFGE gels were blotted to nylon membranes and hybridized with
a mecA probe. Hybridization occurred with the intact genomic DMA in the
compression zones of AZ144 and AZ144-2, but no hybridization was detected
with plasmid or chromosomal DMA of methicillin-sensitive endpoint isolates
leading to the conclusion that the mecA gene had been deleted. The gene
resides on the 235 kb Sma\ fragment of AZ144 (Fig. 9, lane GP19; see also
Fig. 10, lane GP19). It is presumed to be on the corresponding 243 kb fragment
of AZ144-2 (Fig. 9, lane 2).
Isolate AZ144-7 showed a 20 kb reduction in size of the 235 kb
mecA-containing fragment of AZ144 (Fig. 9, lane 7). However, the differences
between the mecA band of AZ144 and the 224 and 228 kb bands of AZ144-6
and AZ144-10, respectively (Fig. 9, lanes 6 and 10), are not statistically
significant according to the criteria given in Chapter 2, pages 46 and 47. The
remaining clones lacked bands in the 235 kb range, but had smaller bands with
increased fluorescent intensities compared to neighboring bands (Fig. 9).
Presumably, the original 235 kb band experienced a loss, resulting in a smaller
fragment that comigrated with other Sma\ fragments in the digest. Their sizes
are: AZ144-3, 195 kb; AZ144-4, 181 kb; AZ144-5, 184 kb; AZ144-8, 193 kb;
AZ144-11, 188 kb; AZ144-12, 185 kb; AZ144-13, 194 kb and AZ144-15, 199 kb
(their average size is 190 kb). The differences in fragment sizes for this group
are not statistically significant suggesting that all of the isolates have
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experienced the same deletion. Isolates AZ144-9 and AZ144-14 have 145 and
153 kb fragments, respectively, that comigrate with preexisting Sma\ fragments
(Fig. 9, lanes 9 and 14). These fragments are not significantly different from
each other. The corresponding bands in AZ144, AZ144-2, AZ144-6, AZ144-7
and AZ144-10 genomic digests do not have greater fluorescent intensities
relative to surrounding bands (Fig. 9).
A 45 kb deletion in AZ144 would account for the reduction of the 235 kb
fragment to 190 kb (Fig. 9). Two explanations can be offered where the original
235 kb Sma\ fragment is absent while the band at 145-153 kb increases in
intensity. An 82 to 90 kb deletion may have directly produced these bands.
Alternatively, since most of the clones obtained from this experiment showed a
45 kb loss, it is possible that clones AZ144-9 and AZ144-14 are secondary
derivatives of the majority type in which a second deletion (37 to 45 kb) occurred
independently.
A mec-region deletion of about 45 kb is the best explanation for the
genomic differences between AZ144 and the methicillin-sensitive derivatives
with a new fragment at approximately 190 kb (Fig. 9). These isolates have Sma\
digestion patterns identical to GP20 (clinical isolate AZ139) which is known to
lack the mecA gene (Fig. 10, lane GP20). Dubin and coworkers (39) physically
mapped a 55 kb mec region from an MRSA strain and showed that a 41 kb
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section, including the mecA gene, was deleted in a methicillin-sensitive isogenic
mutant (103).
A 45 kb mec deletion followed by (or preceded by) the excision of a
37 to 45 kb prophage in the lineages of AZ144-14 and AZ144-9 may be more
likely than an 82 to 90 kb mec-region deletion. Their digestion patterns are
essentially identical to that of strain 8325-4 which has been cured of 3 common
S. aureus prophages. Smaller deletions of the 2 kb mecA gene and its
immediate surroundings is consistent with the minor fragment-size alterations
seen in AZ144-6 and AZ144-10 and the 20 kb loss in AZ144-7 (Fig. 9,
lanes 6, 7, and 10). Wada and coworkers (190) have described 20 to 100 kb
mec-region deletions.
The mechanism by which the mec region became a chromosomal locus is
unknown, but it may have occurred by transposition or homologous
recombination (68, 190). Once integrated, the size of the mec region (typically
30 to 60 kb) may have expanded further by accumulating additional elements
such as plasmids and insertion sequences (31, 149). Deletion of the region may
be a reversal of integration processes (68). Site-specific excision may occur by
transposition of the entire region (63, 181, 190). Homologous recombination
between representatives of the region's numerous repeated elements
(e.g., IS257 and Tn554) is another possible mechanism for deletion (39, 40).

128
Inglis and colleagues (67) examined three pairs of clinical MRSA-MSSA
homologues. The MSSA isolates differed from their MRSA homologues
presumably by 40, 70 or 80 kb deletions of the mecA gene and surrounding
region; they were not certain whether the resistant isolates were ancestral to the
MSSA isolates or vice versa. They speculated that in the absence of antibiotic
selection pressure MRSA populations may revert to a methicillin-sensitive state.
New 47 kb fragments were detected in the genomic patterns of AZ144-3
and AZ144-8 (Fig. 9, lanes 3 and 8). These fragments usually comigrate with
other Sma\ fragments in the digest, but occasionally they are resolved. Under
the PFGE conditions reported in Chapter 2, page 46, Sma\ digests of 8325
showed closely spaced bands (45 and 49 kb; Chapter 2, Fig. 2, lane 8325) that
are similar in size to fragment L (44 kb) mapped by Pattee (132, 134). Fragment
L is flanked by rRNA operons (see Appendix 2). Two tandemly arrayed rRNA
operons are interposed between fragment D and L, and one rRNA operon with
the same orientation as the others is located between fragment L and E (191).
(Sma\ often cleaves within rRNA operons.) An rRNA-specific probe hybridized
with at least one of the 47 kb fragments of isolate AZ144 which is probably
homologous to fragment L (Fig. 10).
2.

Phage-associated Genomic Polymorphisms
Different temperate bacteriophage were induced from isolates AZ149 and

AZ162. Phage from isolate AZ149 (0149) formed plaques on the tester isolates
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RN4220, AZ139, AZ144, AZ153, AZ162, and AZ242, but not on AZ149 itself.
Phage from isolate AZ162 (c|)162) formed plaques on all of the tester isolates
except on itself (Table 5). If any phage were induced from isolates AZ139
AZ144, AZ153, and AZ242, they were unable to produce plaques on these
seven tester strains. (Also, RN4220 was susceptible to lysis by phage induced
from isolates AZ35, AZ64, AZ131, AZ156, AZ157, AZ248, and AZ268 which
have very different Sma\ genomic patterns.) Phage DNA was recovered from
plate lysates of isolates AZ149 and AZ162. After digestion with at least two
enzymes, the genome sizes of 0149 and 0162 were determined to be
43.4 ± 0.4 kb and 42.3 ±1.9 kb, respectively.
The 216 kb Sma\ fragment of isolate AZ149 (GP22) contains the
integrated form of 0149 determined by hybridization with 32P labeled 0149 DNA
(Fig. 10, lane GP22). GP22 differs from GP50 by the size of a single fragment
(216 kb versus 173 kb, respectively). Prophage 0149, which is absent from
GP50, accounts for the 43 kb band difference (Fig. 10, lane GP22 and GP50
bands marked **).
The 103 kb Sma\ band of isolate AZ162 (GP39) contains prophage 0162
(Fig. 10, lane GP39). Although GP39 resembles other 8325-like isolates, the
changes in its Sma\ fragment pattern appear complex. These differences were
characterized by hybridization with probes specific for mecA, Tn554, the rRNA
operons and for the 264 kb Sma\ band of isolate AZ144. Identification of the
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Tester Cultures
Induced
Isolates

RN4220

139

144

149

153

162

242

139

NL

NL

NL

NL

NL

NL

NL

144

NL

NL

NL

NL

NL

NL

NL

149

CL

++

++

1!

++

++

++

153

NL

NL

NL

NL

NL

NL

NL

162

CL

+

+

+

CL

II

CL

242

NL

NL

NL

NL

NL

NL

NL

Table 5. Phage susceptibility patterns of NCTC 8325-like isolates. Culture
supernatants of induced isolates were mixed with top agar and cultures of tester
isolates. After plating, bacteriophage plaques were counted. Dark gray and
light gray shading identifies susceptibility differences between isolates AZ149
and AZ162 indicating that they are lysogenized by different phage.
CL, confluent lysis; ++, more than 50 plaques; +, 50 plaques or less; and
NL, no lysis.
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4)162-associated polymorphism in GP39 was crucial for understanding its
pattern differences.
Two events may have produced the GP39 band that hybridizes strongly
with the rRNA probe (Fig. 10, lane GP39, band marked **). The 42 kb 4>162
may have integrated into a 171 kb fragment producing a 213 kb band. This
would have resulted in a change nearly identical to that caused by $149
integration (band ** in lane GP22). Next, a Sma\ site was created in the
hypothesized 213 kb band dividing it into 110 and 103 kb bands (bands marked
** and $162, respectively, in lane GP39). Since some staphylococcal prophage
carrying Sma\ sites alter genomic digestion patterns (162), we tested both $162
and $149 DNA with Sma\. Neither phage was cleaved. The proposed novel
Smal site probably occurred elsewhere in the original fragment. The Sma\ site
may have been created by a point mutation or as a direct consequence of phage
recombination with its chromosomal attachment site. The order in which these
changes may have occurred is not known, and the existence of a 171 kb Smal
fragment in the progenitor of GP39 is presumed on the basis that such a band is
found in GP19, GP20, GP21 and GP50.
The chromosomal integration of several staphylococcal phage have been
characterized (19, 162). For example, the 43 kb generalized transducing phage
$11, integrates into a 165 kb fragment enlarging it to 208 kb (fragment F located
on the 8325 map; see Appendix 2) (85, 127, 132). Because this is similar to the

132
changes produced by 4)149 and 0162, the possibility that one of these phage
may be 011 was investigated. However, the EcoRI digestion patterns of 0149
and 0162 are different from each other and from the published pattern of 011
(85).
Integration of 011 probably occurs by site-specific recombination between
its attachment sequence, attP, and the bacterial attachment site attB in a manner
similar to the integration of E. coli phage A. The 011 attP contains the sequence
CCCATGGG, and its attB has the sequence TCCATGGG. The 011 attP is
partially conserved in at least one other phage (85). 0162 may have a similar
attP sequence that allows de novo generation of a single Sma\ site (CCCGGG)
upon recombination with attB.
The mecA gene and the copy of Tn554 (or [\)Tn554) associated with it are
located on a 212 kb GP39 fragment (Fig. 10, lane GP39, band marked M and T).
These elements are also on 223 to 226 kb fragments in the other isolates
(differences are not significant), but they are absent from GP20 (Fig. 10). The
difference in size between the mecA band of GP19 and its derivative in GP20 at
176 kb (also the size of another Sma\ fragment) is 47 kb. A deletion of the mec
region probably produced the second 176 kb fragment in GP20; therefore, the
mec region is likely to be about 47 kb or larger in these isolates.
Tn554 does not hybridize with the 623 kb fragment in GP39, but it is
present in the corresponding bands of the other five patterns (Fig. 10). The
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primary attachment site for Tn554 has been mapped to the largest Sma\
fragment of 8325 (132). The site specificity of Tn554 is unusual because most
transposons integrate into chromosomes and plasmids in a nearly random
fashion (114, 138).
Homology with the 264 kb fragment of GP19 was determined using a
cloned fragment of that band. Each of the other five isolates contain a
corresponding fragment (indicated by an "E") (Fig. 10). Hybridization occurred
with a 267 kb band in GP20, 287 kb fragments in GP21, GP22 and GP50, and
the 349 kb band in GP39. Judging from the size, the 20 kb difference between
the GP20 and GP21 fragment may be the consequence of transposon, rather
than phage, integration.
The mean fragment sizes of GP19 Sma\ bands and their standard
deviations (expressed as percentage of the mean) obtained from eight PFGE
gels were: 614 kb ±4.1%; 376 kb ±1.4%; 329 kb ± 1.4%; 286 kb ±1.8%;
270 kb ±1.3%; 229 kb ±1.8%; 176 kb ±1.8%; 138 kb ± 2.4%; 117 kb ± 2.0%;
86 kb ± 3.2%, 65 kb ± 3.3%; 48 kb ± 6.6%; 30 kb ± 3.8%; 26 kb ± 6.7%;
21 kb ± 1.6%; 11 kb ± 1.7%. The 48 and 26 kb bands each contain two
fragments ("comigrating bands") as determined by densitometry. If these bands
contain two fragments each, the genome size of GP19 is 2896 kb ± 2.5%. If
each contained a single unique fragment, the genome size would be
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2822 kb ± 2.4%. Table 6 provides a comparison between GP19 and 8325 Sma\
fragment sizes.
The DNA fragment labeled "L" in the 8325 map may consist of two
separate fragments of 49 and 45 kb that are resolved in our gels (also noted in
serial culture isolates). These fragments may have arisen by duplication of
fragment L as a result of homologous recombination between the directly
repeated rRNA operons that flank it. The bands at 32 and 25 kb in 8325 and
GP19, respectively, each contain two fragments that may also have arisen by
duplication; the GP19 band hybridizes with an rRNA operon probe. Wada and
coworkers (191) described a 23 kb rRNA operon-associated fragment interposed
between 8325 fragments L and E that is not shown on the map constructed by
Pattee (132, 134), but they did not recognize any comigrating fragments in their
gels (see Appendix 2). The proposed duplications could be eliminated by
recombination-mediated deletion (simply a reversal of the duplication event);
therefore, it is possible that Pattee's and Wada's PFGE preparations did not
contain the duplications.
Identification of the GP19 bands containing the mecA gene, rRNA genes
and Tn554 allowed their correlation with corresponding fragments on the 8325
map. In GP19 the size order of the two fragments, F and G, is probably
reversed with respect to 8325. The G fragment is increased by the presence of
the mec region and the F fragment is probably decreased by the absence of a
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prophage. Thus, the published fragment order of 8325 may be the same as that
in GP19 with this simple alteration.
Isolate AZ144 (GP19) differs from 8325 in other ways besides having the
mecA gene. 8325 is lysogenized by phages 012 and 013, but isolate AZ144 is
not. In 8325, prophage 012 is present on the 674 kb Sma\ fragment (A), and
013 is integrated into the 208 kb fragment (F) (132). As previously mentioned
43 kb 011 is also integrated into fragment F (126). 011 or a phage of similar
size may be present in isolate AZ144.
Isolate AZ144 contains a 509 kb SgrA\ band (data not shown) that may
correspond to the approximately 500 kb SgrAI fragment (B) shown on the 8325
map (132). Flowever, in our experience, digestion of 8325 did not yield a 500 kb
band. Rather, an SgrAI site in prophage 012 divides fragment B into 247 and
258 kb fragments. (The map, reproduced in Appendix 2, does not show the
SgrAI sites conferred by 012 and 013, presumably because they occur in
prophages rather than in the genome itself.) The 509 kb SgrAI band is evidence
that isolate AZ144 is not lysogenized by 012. Its absence accounts for the 40 kb
difference between the largest Sma\ band of GP19 and that of 8325. Similar
Smal and SgrAI data also show that isolate AZ144 does not have prophage 013.
Strain 8325-4 has been cured of 011, 012 and 013. Its largest band
matches that of isolate AZ144 because it is not a 012 lysogen. Fragment F and
H comigrate at 135 kb in Smal digests of strain 8325-4 because it lacks 011 and
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4)13 (131). The serial culture isolates AZ144-9 and AZ144-14 have Sma\
patterns that closely resemble 8325-4 leading to the conclusion that they have
lost approximately 50 kb from the mec region and a 40 kb phage (possibly the
43 kb 4)11) (Fig. 9, lanes 9 and 14).

CHAPTER FIVE
GENERAL SUMMARY AND DISCUSSION

A.

Introduction
The "golden" organism, Staphylococcus aureus, is a prime example of a

nosocomial pathogen. It has a remarkable ability for genetic change which is
illustrated by its acquisition of multiple antibiotic resistance genes (31)
Alterations of native genes have also been identified. For example, point
mutations in the DNA gyrase gene, gyrA, confer high-level resistance to an
important class of drugs: the fluoroquinolones (70, 182). Such bacterial
"ingenuity" presents a challenge for infection control and patient treatment.
Investigation of staphylococcal mechanisms for genomic change promises to
pay handsome dividends for science and human health. Before discussing our
study of S. aureus genomic diversity, it would be appropriate to examine some
aspects of current bacterial genome research and to propose some directions
that could be taken to further the work presented here.
B.

Bacterial Genome Research

1.

Genome Types
Microbial genomes vary in size, structure and apparent capacity for

change. The recently sequenced chromosome of Mycoplasma genltalium, the
smallest known bacterial genome, is a mere 580 kb whereas the 9.5 Mb genome
of Myxococcus xanthus is among the largest (46, 74). The minimal genome size
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required for the life of a bacterial-type cell was estimated to be about 320 kb
using two independent methods (116). Most bacterial genomes, like the 2.8 Mb
S. aureus 8325 chromosome (132, 134), consist of a single circular doublestranded DNA molecule. However, Rhodobacter sphaeroides has two distinct
circular chromosomes, and Borrelia burgdorferi has a linear chromosome with
covalently closed ends in which the two DNA strands are connected to each
other at their ends by a small single-stranded loop (74). With regard to genomic
change, Salmonella typhi, for example, is apparently much more capable of
producing stable chromosomal rearrangements than its close relative
S. typhimurium (93, 95, 96).
Mechanisms for chromosomal change can be characterized by comparing
genomic organization among strains, species and genera (45). For example
differences among S. aureus isolates involving deletion of the mec region and
phage integration were described earlier in this dissertation. Genomic
comparisons are being greatly facilitated by several molecular biology
techniques such as macrorestriction mapping by PFGE, whole-genome shotgun
sequencing, and PCR-based subtractive hybridization techniques (44, 45, 179).
Further refinements of high-density DNA arrays (an extremely rapid DNA
sequencing technology using hybridization to arrays of oligonucleotides
immobilized on a "chip") may revolutionize comparisons of genome sequences
(22). Sequence analysis with DNA arrays may become the ultimate strain typing
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system - a true "gold standard". A combination of these methodologies will
allow very detailed comparative analyses of virtually any bacterial group
2.

Comparative Genome Mapping
Comparative genome mapping is yielding a wealth of information primarily

at the level of strains and species (15, 80, 91, 136, 137, 156). Physical maps of
selected isolates from our clinical S. aureus strain collection could be
constructed with relative ease. GP19 band-specific clones, already in hand
could be used to correlate its fragments to the 8325 map. Map comparisons
among isolates would allow the identification of other genomic rearrangements:
insertions, deletions, inversions and duplications
Some GP19 bands have already been correlated to the 8325 map as
described in Chapter 4. A 47 kb Smal band in a GP19 isolate, AZ144, was
correlated to 8325 Sma\ fragment L on the basis of size and hybridization with
an rRNA operon probe. Because this band contains two comigrating fragments
we also proposed a duplication event involving rRNA operons. Tandem
duplications between widely spaced rRNA operons may have produced the extra
large genomes of five isolates described in Chapter 2. The 500 to 800 kb
duplicated regions may include the origin of replication and the mecA gene.
Some investigators have proposed that rearrangements involving rrn loci may be
a mechanism for genomic diversification (18, 84, 147).
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Duplications can occur between directly repeated DNA sequences by
homologous recombination (54, 73, 97, 146). Most bacteria contain multiple
copies of rrn genes often in the same orientations because transcription of the
operons is usually in the same direction as chromosomal replication. In rapidly
growing cells, rRNA transcription may be rate limiting, and duplication of rRNA
operons would be advantageous (3). High rates of rm-mediated duplications in
bacteria grown in rich medium have been observed, but the duplications can be
lost at high frequency thus preserving the original genomic structure (62, 146).
Hypotheses of chromosome structure conservation will be described shortly.
Large duplications could remain stable if the recombination apparatus were
disrupted (e.g., by a mutation in recA) thereby preventing deletion by
homologous recombination.
Homologous recombination between the three operons flanking the
S. aureus 8325 fragment L and the 47 kb fragment of isolate AZ144 could
produce duplicated segments that would increase the number of rRNA operons.
S. at/re as typically has 6 ribosomal operons (191). Sometimes the 47 kb
fragments are resolved into two bands in PFGE gels. The slight difference in
their sizes may have arisen by a deletion between the two head-to-tail operons
on one side of fragment L.
The proposed duplications (including the 500 to 800 kb duplications)
would not greatly affect either the positions of genes relative to the chromosomal
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origin of replication (gene dosage hypothesis) nor the spacing between the
origin and its terminus (genomic balance hypothesis). These hypotheses were
formulated to explain why bacterial genomic organization is generally conserved.
Cells with chromosomal rearrangements that greatly alter "genomic balance" or
"positional" gene dosage are usually less fit than the parental cells or cells with
rearrangements that minimally alter these two parameters (62, 96, 155).
Homologous recombination between rRNA operons is responsible for
large scale genomic rearrangements that appear to be stable in two enteric
species. Liu and Sanderson (94, 96) used a special endonuclease, l-Cei/l, that
cleaves only with rRNA operons to characterize the chromosomal organization
of Salmonella typhi and S. paratyphi (92). Under conditions that produce partial
digestion, they were able to rapidly deduce the physical order of the seven rrn
fragments in over 100 clinical strains of S. typhi (96). (An \-Ceu\ map is called
an "rrn skeleton".) Twenty-one different rrn skeleton arrangements were
detected. All of the arrangements could be explained by inversions or
transpositions involving the seven rRNA operons, but no duplications or
deletions were identified. S. typhi chromosomal arrangements that differed
significantly from the canonical S. typhimurium rrn skeleton were less common
than the arrangements that preserved "genomic balance" and/or "positional"
gene dosage (93, 95). Evidently, the rigid constraints on chromosomal
organization in S. typhimurium have been relaxed in S. typhi] how this may have
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happened is not known (96). S. paratyphi A has one large symmetrical
inversion (94).
Construction of \-Ceu\ maps of our S. aureus isolates (especially
including the large-genome isolates) would be very informative. The extent of
chromosome structural diversity with respect to the ribosomal operons is not
known. Therefore, a l-Cet;l mapping project would make a contribution to
S. aureus genomic research.
Genetic exchange among bacteria can lead to homogeneity at certain loci
(24, 53). The conservation of rRNA operons across taxa is well known.
However, the intervening sequences found in the 23S rRNA genes are variable
in S. typhimurium, S. arizonae and Yersinia enterocolitica and many other
genera and species (102). The intervening sequences probably were dispersed
by horizontal transfer follow by recombination with resident rRNA operons.
Transformation may have been the transfer mechanism, but conjugation or
transduction is more likely. Subsequent gene conversion within cells further
restricts rRNA operon variety (102).
Genetic exchange and recombination can lead to clonal divergence (53).
Usually, naturally transformable species are more genetically diverse
(e.g., N. gonorrhoeae) (129). These organisms are panmictic. In other words,
there is a random association among their genetic loci (low "linkage
disequilibrium"). Not all naturally transformable organisms have a panmictic
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population structure. Understanding these exceptions may be relevant to our
discussion of S. aureus diversity. There are at least two reasons for the
exceptions. First, temporary linkage disequilibrium can arise in an otherwise
panmictic "sexual" bacterial population when a highly successful member
becomes predominant. This has occurred with N. meningitidis which has an
'epidemic population structure." The term "epidemic", in this context, means that
genetic diversity has been temporarily purged from the population by a process
known as "periodic selection" (i.e., selection of the successful clone). "Periodic
selection" need not affect an entire species; it can purge diversity from members
that occupy a particular niche. The second reason is that extensive
recombination does not always occur in a transformable organism. For example
H. influenzae shows "little evidence of frequent recombination in nature" (166).
Capsulated strains of H. influenzae retain their "clonal frame" (119, 164, 165

166).
The first reason given above is relevant to our discussion of S. aureus
diversity. Although N. meningitidis appears to have a clonal population
structure, this does not mean it is incapable of generating genetic diversity. The
current "epidemic" clone, with a largely homogeneous genetic background, will
probably diverge over time as the result of recombination. By analogy,
S. aureus clinical strains and especially MRSA strains, which have been
reported to show limited diversity, may have an "epidemic" population structure.
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S. aureus may also be capable of undergoing appreciable genetic change,
although the capacity for change is perhaps less than N. meningitis because
S. aureus is not naturally transformable. S. aureus is certainly able to exchange
DNA by conjugation and transduction.
Because conjugation could be involved in genetic exchanges that lead to
genomic diversity, we surveyed our collection of S. aureus isolates for the
presence of large plasmids. (Size is often an indication that they may be
conjugatible.) The S1-PFGE method, used in our survey, was developed as a
general means of identifying very large plasmids that often escape detection
because they are not purified using conventional plasmid isolation procedures.
Staphylococcal plasmids greater than 300 kb were identified as described in
Chapter 3. Preliminary experiments, performed by others in our laboratory
suggested that they may be conjugative, but additional studies were unable to
confirm this (Harding, Grubb, Sarmiento, and Zuccarelli, personal
communication). The S1-PFGE method itself is a significant contribution greatly
simplifying the detection and size characterization of large plasmids.
3.

Whole-genome Sequencing and Comparative Genomics
"Comparative genomics" is a rapidly growing field of investigation made

possible by whole-genome sequencing, and it is now poised to radically change
microbial research (46). By examination of the similarities and differences
among bacterial genera at the nucleotide sequence level, comparative genomics
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will allow a much more comprehensive understanding of genetic diversity and
will lead to a more global picture of microbial function (45). Estimation of the
minimal genome size (320 kb) and minimal gene set (256 genes) mentioned
above illustrates the power of comparative genomics (116).
4.

Representational Difference Analysis
Another powerful comparative technique developed recently is called

representational difference analysis (RDA); Lisitsyn and colleagues (88)
described RDA as a method for cloning the differences between two complex
genomes. It is a sophisticated subtractive hybridization method that is entirely
PCR-based. Subtractive hybridization methods were first used in the mid-1980s
to clone T cell receptor genes and Y chromosome genes by capitalizing on the
discrete differences between B and T cells and between male and female
genomes (61, 82). These early methods relied on the physical removal
(e.g., on hydroxyapatite columns) of sequences that are present in two different
sources in order to enrich for unique sequences.
In contrast to other subtraction techniques, RDA uses several rounds of
PCR to selectively amplify unique sequences effectively diluting out the common
sequences. A large excess of "driver" DNA is hybridized to the "tester" DNA
containing unique sequences relative to driver DNA. Driver-driver, driver-tester,
and tester-tester duplexes are formed. Driver-tester hybrids represent
nucleotide sequences that are present in both of the two cell types being
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compared (this constitutes the "subtractive" component of RDA). The procedure
is designed so that only tester-tester duplexes (i.e., unique sequences) are
amplified exponentially during the PCR steps. Other complex features of RDA
beyond the scope of this discussion greatly enhance its sensitivity relative to
physical subtraction techniques. Detailed descriptions of RDA theory and
methodology have been published (89, 110).
RDA has been used successfully to identify deletions, amplifications and
rearrangements associated with various cancers by comparing the DNA in
normal and cancerous cells (90, 157). It is also able to detect a viral genome
integrated into the human genome using DNA from infected and noninfected
cells as the tester and driver, respectively (25). The method is capable of
finding very small differences without prior knowledge of the nature of those
differences.
Recently, RDA has been used to examine differences between bacteria.
It holds great promise for characterizing the genetic changes that have
generated bacterial diversity. The method was used to compare N. meningitidis
and N. gonorrhoeae (179). A comprehensive set of meningococcus-specific
sequences were cloned that may be responsible for the different pathogenicities
of these two closely related species. Mapping studies showed that these
sequences were clustered in distinct regions or "pathogenicity islands" on the
meningococcal chromosome. Some of the unique sequences showed
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homologies to bacteriophage transposases alluding to the probable mobility of
these regions. RDA could provide valuable information about the genomic
polymorphisms in S. aureus.
Once physical maps are made for selected isolates in our S. aureus
collection, RDA could be used to clone the differences revealed by comparing
their physical maps. Our initial experience with RDA suggests that the isolates
being compared should be cured of their plasmids to maximize the likelihood
that most of the RDA products will be unique chromosomal sequences. Our
experience also indicates that more complex "representations" are needed.
Switching from restriction endonucleases with 6 base-pair recognition sites to
those with 4 base-pair recognition sites would provide the needed complexity,
but this may require significant alterations in PCR conditions. Our preliminary
RDA results are not included in this dissertation.
RDA could be used to examine genetic changes that occur in bacteria
during serial propagation for many generations. We observed large-scale
changes in clones obtained after serial culture, but DNA differences less than
5 to 10 kb, inversions and some other conservative rearrangments would not be
detected by macrorestriction and PFGE. Because RDA has the ability to identify
small cryptic changes, it offers the means for cloning and analyzing more of the
variations than were observed in our analysis. Other researchers have
conducted serial culture experiments lasting nearly 5 years (86, 180), and found
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that the cell size of E. co//experienced a "punctuated evolution" during a
3000 generation experiment (42). Their conclusions, however, were based on
"morphology" rather than directly observed genetic changes; RDA could be
useful in characterizing some of the DNA changes that may have been
responsible.
C.

Genomic Diversity
A rather limited number of strains are responsible for many of the

S. aureus and MRSA outbreaks throughout the world. Because most of the
strains that were typed from the 1950s to the present were obtained in hospitals
during outbreak conditions, it is entirely possible that this biased sampling is
responsible for the prevailing view that the species is relatively uniform
genetically. The phenotyping methods relied upon in the past assayed a limited
number of traits therefore missing much of the genetic diversity that is now
becoming evident with genotyping analysis. (Generally, genotyping methods are
more discriminatory than phenotyping methods). Evidence that early MRSA
from the 1960s showed little variation perhaps reinforced the notion that the
species as a whole had limited genetic diversity and that MRSA had only one
common ancestor (79, 117).
The idea of a common clonal origin for all MRSA has been advanced in
recent times (75). However, genotyping methods are now revealing that the
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methicillin-resistance determinant, mecA, resides in strains with very diverse
genetic backgrounds (117). The mecA-Jn554 RFLP data presented in
Chapter 2 supports the hypothesis that mecA has been horizontally transferred
to diverse S. aureus strains more than once -- probably numerous times
Additionally, more than a quarter of the MRSA genomic patterns show low
similarity to each other and to the major outbreak groups. These observations
lend additional support to the hypothesis that MRSA, and S. aureus in general
is more diverse than previously thought. Diversity implies that the organism is
currently experiencing genetic alterations. The large-scale variations observed
during one month of serial propagation may reflect the genetic plasticity of
natural populations. These changes involved mec region deletions and possibly
prophage excisions. Genomic differences due to the presence of prophage
were also characterized. The abundance of comigrating fragments, especially
those associated with rRNA operons, indicate that homologous recombination
between repeated elements resulting in duplication may be one mechanism for
changes in chromosomal structure. Increasing the numbers of rrn genes may be
a readily reversible adaptation to an nutrient-rich environment in which mutants
with faster growth rates are favored. Additionally, duplications may allow for the
evolution of genes with new functions while maintaining cell viability (1,193).
The evidence presented here shows that Staphylococcus aureus is a diverse
species and that the diversity arose by a variety of different mechanisms.
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Great advances in understanding bacterial diversity and genetic change
are coming at a time when such knowledge is of significant practical importance
in the formulation of strategies to overcome increasing antimicrobial resistance.
Prokaryotic genomic research is a vibrant and rapidly progressing field that is
beginning to reveal the basis of the abundant diversity in the bacterial world.
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APPENDIX 2

The genetic and physical map (A) of the 2.8 Mb genome of Staphylococcus
aureus NCTC 8325. The map, constructed by P. A. Pattee, is shown with the
omission of many markers for simplification. The markers att(p11, att(p12, and
attcp13 are the integration sites of phage (J)11, 012, and 013, respectively, and
att544 is the primary integration site for Tn554 (a site-specific transposon).
Other markers include a DNA replication gene (dnaA), a factor essential for the
expression of methicillin resistance (fem), the location of the methicillin
resistance gene and mec region in MRSA strains (mecA), the golden-yellow
pigment deficiency locus (pig), and the staphylococcal protein A gene (spa).
The mec region typically includes a copy of Tn554. The region surrounding
dnaA may contain the origin of chromosomal replication. Smal, Cspl, SgrA\, and
AscI were used to construct the physical map; 100 kb demarcations are shown
(reference 132; figure used by permission of the author and publisher).
Positions of six rRNA operons (B), mapped by Wada and coworkers, in relation
to the Staphylococcus aureus NCTC 8325 map. Each operon contains two
closely space Sma\ sites which yield 3 kb fragments (hatched segments). The
arrows indicate the direction of transcription of the operons which probably
corresponds to the direction of chromosomal replication. (The origin is most
likely located on Sma\ fragment G.) The asterisk identifies a previously
unmapped 23 kb Sma\ fragment that hybridized to an rRNA operon probe.
Strain BB255 which gave a macrorestriction pattern identical to NCTC 8325 was
used in this mapping study (reference 191; figure used by permission of author
and publisher).
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